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ABSTRACT
How plants adapt to salt stress has been a central question in plant biology for decades.
Yet we have not been able to fully understand the molecular networks and genetic mechanisms
underlying this complex trait. Most of the genetic work on salinity stress has focused on
understanding salt stress responses in the leading, yet a salt-sensitive model Arabidopsis
thaliana. With the recent availability of genomes for wild-relatives of A. thaliana, we can now
investigate how naturally salt adapted plants may have evolved modified or novel molecular
networks to adapt to salt stress. Therefore, my research utilizes a comparative approach
between A. thaliana and its stress adapted wild relatives to investigate the genomic and
evolutionary mechanisms of salt stress adaptation.
The overall goal of the project is to broaden the current understanding on salt stress
tolerance mechanisms. To achieve this, I used two extremophyte models, Schrenkiella parvula
and Eutrema salsugineum, which are closely related to the salt sensitive model, A. thaliana. As
S. parvula is a more recently introduced research model plant, I first investigated the
physiological and structural changes in its traits throughout its life cycle in response to salt
stress. This provided a series of traits that are likely to play important roles in the extremophilic
lifestyle of S. parvula. S. parvula can maintain the relative water content during exposure to
salt, sustain or enhance growth, and complete reproduction. Second, I investigated the changes
in elemental, metabolic and gene expression profiles of both extremophytes in comparison to
A. thaliana. In this work, I found that the difference in Na+ accumulation gave rise to divergent
responses in metabolic and transcriptomic profiles, revealing different pre-adaptation
strategies in the extremophytes. E. salsugineum showed enrichment of amino acids and sugars
ix

at the basal level. Many of these metabolites function as organic osmolytes against osmotic
stress and antioxidants against oxidative stress under salinity stress. S. parvula maintained low
Na+ accumulation and induced amino acid and sugar abundance to mitigate the adverse effect
of excess Na+. A. thaliana accumulated excess Na+ at a much higher level compared to its
extremophyte relatives.
In summary, I have assessed the salinity tolerance mechanisms in the extremophytes
using comparative ionomics, metabolomics, and transcriptomics. My work adds to the
established genomic and transcriptomic work done on S. parvula and E. salsugineum. This will
provide a broader view of how S. parvula and E. salsugineum respond to excess Na+ differently
from A. thaliana. The findings from this study will further expand the current knowledge on
salt-stress tolerance mechanisms we can adapt when designing future crops that show resilient
growth during high salinity stress.
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CHAPTER 1. INTRODUCTION
Significance and conceptual framework
Feeding a growing population of 7.9 billion people as of August 2021 (U.S Census
Bureau) is undoubtedly a huge challenge that we are facing nowadays. Unfortunately, our food
production has not kept pace with the increases in population to balance the supply and
demand for various reasons. One of the factors that has directly affected crop yield is salt
stress, which not only reduces the arable land to grow crops but also affects the crops’ ability to
defend against other abiotic stresses, diseases, and ultimately results in yield loss (Zandalinas et
al., 2021). Agricultural lands can be affected by salts through poor agricultural practices,
intrusion of saline water, and natural accumulation (Metternicht and Zinck, 2003; Flowers and
Flowers, 2005; Yensen, 2006).
Therefore, understanding how plants adapt to salt stress will facilitate the engineering
process to create sustainable crops through biotechnology. Schrenkiella parvula (Thellungiella
parvula and Eutrema parvulum) and Eutrema salsugineum (previously known as Thellungiella
salsugineum) are among the most salt-tolerant species that are wild relatives of A. thaliana and
Brassica crops (Cheng et al., 2013; Haudry et al., 2013). Schrenkiella parvula and Eutrema
salsugineum are naturally adapted to high salt levels in their native environments (Orsini et al.,
2010; Oh et al., 2014). While LD50 (salt concentration that cause death of 50 % of tested plants)
for A. thaliana was 150 mM NaCl, both S. parvula and E. salsugineum can tolerate up to 600
mM NaCl (Orsini et al., 2010). In addition, S. parvula and E. salsugineum are among the first
extremophile species with published genomes (Dassanayake et al., 2011; Wu et al., 2012). Up
to 70% of the entire S. parvula or E. salsugineum genes can be paired as conserved orthologous
1

genes with A. thaliana genes, based on sequence similarity as well as syntenic relationships
(Wu et al., 2012; Oh et al., 2014). Therefore, this enables a comparative approach to study
these extremophytes together with the model plant, A. thaliana. These comparisons can
benefit from genetic research and associated knowledge transferred from A. thaliana to
integrate and explore the observed responses in the extremophytes. Thus, it can lead to the
identification of unique genes, pathways, and networks naturally selected in the extremophytes
we can adapt to future crop designs.
Research objectives
The goal of this project is to expand the fundamental understanding of genetic networks
that play major roles in salt stress adaptation using the extremophytes, Schrenkiella parvula
and Eutrema salsugineum. To achive this goal, I compared and contrasted the salt-induced and
repressed responses observed in the two extremophytes and A. thaliana using multi-omics
data.
Specific research questions: 1) Is there a difference in Na+ accumulation upon salt
treatments and do those differences affect ionic balance in the three model plants; 2) How do
the two extremophytes metabolically respond to changes caused by excess Na+; and 3) How do
gene expression profiles indicate salt tolerance mechanisms in extremophytes compared to a
salt stress-sensitive model, A. thaliana?
Summary of chapter layout
This dissertation is presented in 5 chapters, which include a literature review (chapter
2), followed by research chapters (chapters 3 and 4), and a final chapter summarizing results
and future directions (Chapter 5). Chapter 2 provides an overview of the current understanding
2

of how salt stress affects plant growth and how the plants have evolved different strategies to
adapt to adverse effects of salt stress. Chapter 3 is currently under review in Plant Physiology
and is currently available as a pre-print in bioRxiv (DOI:
https://doi.org/10.1101/2021.08.27.457575). Chapter 4 has been formatted for submission to
Nature Plants and is currently available as a pre-print in bioRxiv (DOI:
https://doi.org/10.1101/2021.10.23.465591).
Chapter 3 provides an assessment of physiological and structural traits throughout the
life cycle of S. parvula from seedling to mature plant. This assessment was carried out at a salt
concentration that is known to reduce or inhibit growth in the salt sensitive A. thaliana and
many other crops. Given S. parvula is a more recently introduced model plant to study salt
tolerance compared to E. salsugineum, studies investigating the effects of salt stress at the
phenotypic level using this model were limited. This work aimed to fill the gap in assessing the
life history traits exhibited by S. parvula compared to E. salsugineum and A. thaliana in
response to salt stress.
Chapter 4 provides an overview of systems biology approaches used to understand salt
tolerance mechanisms in the two extremophytes. In this work, I employed a multi-omic study
to assess the ionic and metabolomic balance maintained by the extremophytes and
investigated gene networks or clusters that are regulated differently between extremophytes
and A. thaliana during salt stress. The overall results suggest that 1) both extremophytes were
able to maintain their macro- and micro-nutrient balance despite the differential accumulation
of Na+ upon salt exposure; 2) the two extremophytes showed a convergent response at the
metabolomic level where E. salsugineum was initially enriched in metabolite pools but S.
3

parvula showed a dynamic induction during salt treatments; 3) root growth regulation
mediated by auxin and ABA were significantly different in the extremophytes in line with their
specific root growth architecture during salt stress.
Chapter 5 provides a summary of major findings and makes suggestions to further
investigate specific salt tolerance mechanisms in the two extremophytes.

4

CHAPTER 2. SALT STRESS, A PERSPECTIVE FROM THE EXTREMOPHYTES
Introduction
Salt stress is one of the major limiting factors to crop production worldwide (Flowers
and Colmer, 2008; Zandalinas et al., 2021). The effects of salt stress on plants are varied
depending on the salt concentration and the stress duration. Understanding the salt tolerance
mechanisms is important in plant breeding to improve the tolerance level of crops to salt stress
in an age of climate crisis and overpopulation (Bechtold, 2018; Barros et al., 2021; Zandalinas et
al., 2021). Salt tolerance is a complex trait, the understanding of which requires the integration
of data across multiple levels using appropriate model species (Cheeseman, 2013; Barros et al.,
2021). Yet our current understanding on the effects of salt stress is mainly from salt sensitive
plants such as Arabidopsis thaliana (van Zelm et al., 2020) and Oryza sativa (Abdelhamid et al.,
2020).
Salt-tolerant plants or halophytes, which represent about 2% of all land plants (Glenn et
al., 1999), are generally defined as plants that can grow exclusively and complete their life cycle
in saline soil (Flowers et al., 1986; Flowers and Colmer, 2008). Such halophytic plants are
evolutionarily adapted to thrive in extreme environments, and therefore represent a natural
resource to identify innovative stress tolerance mechanisms that cannot be deduced from
stress-sensitive crops or model plants. The collective efforts from studying effects of salt stress
and the underlying tolerance mechanisms in both salt-sensitive and tolerant plants provide
general knowledge of how salt stress-induced changes on plant physiological, structural, and
molecular traits and on the counterstrategies by plants to deal with excess Na+.

5

Effect of salt stress on plant morphology and physiology
Salinity-induced changes in plant morphology can be observed in both roots and shoots.
In shoots, the symptoms include leaf chlorosis and wilting, decreased leaf number, premature
senescence, and stunted shoot growth. In roots, the symptoms include decreases in root
biomass and growth (Britto and Kronzucker, 2006; Munns and Tester, 2008). Other
morphological responses observed at the reproductive stages include delayed flowering times
(Li et al., 2007; Ryu et al., 2014; Cho et al., 2017) and induction of seed dormancy (Ungar, 1978;
Kazachkova et al., 2016).

Figure 2.1. Effects of salt stress on plant growth and plant responses to salt stress
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Salt stress triggers physiological responses by imposing osmotic and ionic stresses (Gupta
and Huang, 2014). This results in decreases in water uptake by the roots, turgor pressure and
water potential, which causes internal dehydration and cell expansion inhibition, nutrient
imbalance, and photosynthesis impairment (Britto and Kronzucker, 2006; Munns and Tester,
2008; Zhao et al., 2020). The direct accumulation of Na+ inside plant tissue is unavoidable when
plants are continuously exposed to salt stress (Serrano et al., 1999; Wu, 2018). This leads to ion
toxicity that further suppresses the uptake of other nutrients and induces premature leaf
senescence (Isayenkov and Maathuis, 2019). Salt stress also induces the production of reactive
oxygen species (ROS), which cause oxidative damage to protein and DNA structure (Britto and
Kronzucker, 2006; Munns and Tester, 2008). All morphological and physiological adjustments in
plants can be either considered as strategies to increase survival chances or signs of damage
caused by the adverse effects of salt stress. The effects of salt stress on plant development is
summarized in Figure 2.1.
Effective counterstrategies employed by the extremophytes
Different strategies that are used by various plants to counteract the detrimental effects
of salt stress will be described in the context of osmotic balance, ionic balance (Na + sensing,
uptake and exclusion, transport, and storage), redox balance, and morphological adaptations
(Figure 2.1).
Osmotic balance
Osmotic stress generally occurs before ionic stress takes place. Plants respond to osmotic
imbalance by accumulation of organic osmolytes such as sucrose, glucose, trehalose, sorbitol,
mannitol, glycine betaine, and proline (Bohnert and Jensen, 1996; Ashraf and Foolad, 2007) or
7

increased uptake of inorganic ions (Zhao et al., 2020). Halophytes tend to accumulate multiple
osmolytes (proline, glycine betaine and sugars) upon salt stress. Examples include Distichlis
spicata (Ketchum et al., 1991) and Hordeum marinum (Garthwaite et al., 2005) in the Poaceae,
Aster tripolium (Goas et al., 1982) in the Asteraceae, Mesembryanthemum crystallinum (Paul
and Cockburn, 1989; Ishitani et al., 1996) and Sesuvium portulacastrum (Slama et al., 2008;
Kannan et al., 2013) in the Aizoaceae, and Atriplex halimus (Bajji et al., 1998; Walker and Lutts,
2014), Atriplex hastata (Briens and Larher, 1982), Chenopodium quinoa (Ruffino et al., 2010)
and Suaeda fruticosa (Hameed et al., 2012) in the Amaranthaceae. Since the carbon cost for
synthesizing organic compounds are high, many halophytes deposit Na+/Cl- in the vacuole and
utilize it as a cheap osmoticum to maintain cell turgor pressure (Munns and Gilliham, 2015;
Munns et al., 2020). This osmotic adjustment allows the plant to keep the internal osmotic
potential at a lower level to facilitate water uptake into the roots.
Ionic balance
Salt sensing. Excess Na+ is known to compete with K+ for uptake when it is present at
high concentrations in the growing environment. K+, a macro-nutrient, is required in relatively
high concentrations and plays essential roles in plant growth. It has been well established that
plants preferably take in K+ and employ mechanisms to remove Na+ from the cytoplasm
(Sutcliffe, 1957). Therefore, it is important to understand how the roots can sense and
distinguish between the essential nutrient K+ and toxic Na+ ions in the environment, despite the
similarity in radius and hydration energies between the two ions (Blumwald, 2000; Wu, 2018).
Upon the elevation of intracellular Na+, cytosolic Ca2+ also increases. It is known that Ca2+
related signal transduction pathways play an essential role in sensing and responding to salinity
8

(Knight et al., 1997). A putative sensor for hyperosmotic stress in A. thaliana, OSCA1 (reduced
hyperosmolarity-induced calcium increase 1), was identified in a genetic screen for mutants
defective in osmotic stress-induced Ca2+ (Yuan et al., 2014). How OSCA1 senses osmotic stress is
not clear, but this may happen through the changes in turgor pressure and membrane fluidity
(Zhu, 2016). A modified approach was used to identify MOCA1 (monocation-induced [Ca2+]
increases 1),a glucuronosyltransferase for GIPC, a plant-specific sphingolipid located in the
plasma membrane involving in salt sensing (Jiang et al., 2019). It is proposed that Na+ binds to
MOCA1 and induces membrane depolarization, which triggers a Ca2+ spike. moca1 plants are
sensitive to salt stress as low as 60 mM NaCl (Jiang et al., 2019).
Salt uptake, exclusion, and transport. High cytosolic Na+ is toxic to plant cells. Thus,
controlling Na+ influx is an important line of defense for all plants. Na+ entry into the root cells
has been linked to non-selective cation channels (NSCCs), which include cyclic nucleotide-gated
channels (CNGCs) and glutamate-activated channels (GLRs), high affinity potassium
transporters (HKTs), Arabidopsis K+ transporter (AKT1) and high-affinity K+ uptake transporters
(HAK) (Apse and Blumwald, 2007; Shabala et al., 2015). CNGCs and GLRs are among the main
pathways for Na+ entry due to their permeability to a wide range of mono- and divalent cations
(Tester and Davenport, 2003; Horie and Schroeder, 2004). An electrophysiological study using
patch clamp shows that Na+ accumulation in plants is lower when cyclic nucleotides are used as
analogs to block the NSCCs (Maathuis and Sanders, 2001). The roles of NSCCs in Na+ influx have
been demonstrated, yet studies carried out to characterize the roles of CNGCs and GLRs under
salt stress are limited in the halophytes.
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A more widely studied transporter family involved in salt uptake and transport is the
high-affinity K+ transporter family, which is subdivided into class I (HKT1, selective Na+
uniporters) and class II (HKT2, Na+/K+ symporters) (Ali and Yun 2017). HKT1 transporter is
responsible for Na+ uptake by roots level (Garciadeblás et al., 2003; Horie and Schroeder, 2004).
Previous studies showed that HKT1, a single copy gene in A. thaliana, is tandemly duplicated in
the extremophytes S. parvula and E. salsugineum (Oh et al., 2014). The S. parvula Na+transporting SpHKT1;2 (Sp6G07120) ortholog is lowly expressed in shoots and roots compared
to the A. thaliana HKT1 ortholog at the basal level (Oh et al., 2014). The overexpression of the
duplicated non-orthologous gene of AtHKT1, SpHKT1; 1 (Sp6G07110), in the A. thaliana
background decreased Na+ accumulation and increased K+ abundance in the transgenic plants
under salt stress (Ali et al., 2018). In E. salsugineum, the duplicated EsHKT1;1 gene appeared to
have higher affinity for K+ (Dassanayake et al., 2011; Wu et al., 2012). RNA interference
knockdown of EsHKT1;2 in E. salsugineum resulted in increased Na+ content and decreased in
K+ abundance (Ali et al., 2012). Therefore, regulation of expression of the HKT1 gene family
likely plays an important role in maintaining lower Na+ accumulation in the extremophytes
under salt stress (Kazachkova et al., 2018).
The lower net Na+ accumulation in the halophytes is often associated with the increase in
Na+ efflux. An effective Na+ efflux system is linked to higher activities of plasma membrane
Na+/H+ antiporter gene (SOS1), H+ ATPase, and H+ PPase in extremophytes such as Atriplex
lentiformis, Chenopodium quinoa (Bose et al., 2015), Puccinellia tenuiflora (Zhang et al., 2017),
Mesembryanthemum crystallinum (Ratajczak et al., 1994), Salicornia begelovi (Ayala et al.,
1996), Salicornia europaeae (Lv et al., 2012), and Kalidium folium. Plants use a calcium10

dependent protein kinase pathway known as the SOS pathway for Na+ efflux. Elevated Ca2+ is
sensed by SOS3, SOS3 then activates the serine- threonine protein kinase SOS2 through
phosphorylation. Phosphorylated SOS2 activates SOS1, a Na+/H+ antiporter, at the plasma
membrane (Shi et al., 2000). SOS1 is expressed at the root tip epidermal cells and xylem
parenchyma, therefore, it pumps excess Na+ out to the soil solution, and regulates Na+ loading
into the xylem for long-distance transport to leaves (Shi et al., 2002). A previous study showed
that expressing the SOS1 of the extremophytes Schrenkiella parvula and Eutrema salsugineum
in yeast conferred greater salt tolerance than expression of A. thaliana SOS1 (Jarvis et al.,
2014). Homologs of SOS1 from halophytes such as Salicornia brachiata (Yadav et al., 2012),
Mesembryanthemum crystalinum (Cosentino et al., 2010), Thellungiella halophila (Oh et al.,
2009), Puccinellia tenuiflora (Wang et al., 2011), and Sesuvium portulacastrum (Zhou et al.,
2018) are also more efficient in improving the salt-tolerant phenotype. Besides the regulation
observed at the molecular level, morphological responses such as the reduction in primary root
growth, root hair length and density, and delay in lateral root formation are also observed
under salt stress to minimize the absorptive surface area (West et al., 2004; Dinneny et al.,
2008; Ji et al., 2013; Liu et al., 2015). Many halophytes have a second endodermis layer or
increase the thickness of the Casparian strip to limit entry of Na+ and transport to the shoots
(Inan et al., 2004; Kazachkova et al., 2018).
Na+ transport in the root occurs through both through apoplastic and symplastic
pathways (Plett and Mølle, 2010). Once Na+ reaches the stele, it is loaded into the xylem for
transport to the shoots. Na+ translocation from roots to shoots involves SOS1 and HKT1, which
are expressed in the shoot xylem parenchyma (Shi et al., 2002; Zhu, 2016). The function of SOS1
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and HKT1 in Na+ xylem loading are crucial in salt-accumulating halophytes such as Puccinellia
teuiflora (Zhang et al., 2017), Suaeda salsa (Shao et al., 2014), and Salicornia species (Yadav et
al., 2012; Katschnig et al., 2015).
Na+ compartmentalization. Na+ accumulation in the cytosol can disrupt metabolic
activities (Zhao et al., 2020). Most plants store excess Na+ in the vacuole and utilize Na+ for
osmotic balancing between the cytosol and vacuole (Slama et al., 2015). Na+ accumulation in
the vacuole is facilitated by Na+/H+ antiporters such as NHX1 and NHX2 (Zhang et al., 2001;
Yokoi et al., 2002). Overexpression of AtNHX1 or AtNHX2 improves salt tolerance in transgenic
A. thaliana (Apse, 1999). Concomitantly, the tonoplast H+-ATPase and H+-PPase actively
transport H+ back into the vacuole to maintain the H+ gradient across the tonoplast membrane
(Apse, 1999; Padmanaban et al., 2004; Gaxiola et al., 2007). Na+ deposition inside the vacuoles
under salt stress is observed in many halophytes such as M. crystallinum (RataJczak et al.,
1994), Salicornia bigelovii (Ayala et al., 1996; Parks, 2002), Salicornia europaeae (Lv et al.,
2012), Kalidium folium and Suaeda salsa (Zhao et al., 2005). Many halophytes deposit salt in
older leaves to keep the Na+ away from the younger photosynthetic leaves and shed the old
leaves once they exceed the storage capacity (Jennings, 1968; Dassanayake and Larkin, 2017).
This is a common strategy in some halophytes to reduce the Na+ load (Lv et al., 2012). Other
halophytes develop salt glands to extrude salt from shoots (Skelding and Winterbotham, 1939;
Ball, 1988; Dassanayake and Larkin, 2017). For instance, Mesembryanthemum crystallinum has
epidermal bladder cells that function in salt storage and extrusion (Steudle et al., 1975; Lüttge
et al., 1978; Adams et al., 1998; Dassanayake and Larkin, 2017; Barkla et al., 2018). Halophytes
like Distichlis spicata (Poaceae), Limonium bicolor or Avicennia marina (a subtropical mangrove)
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have multicellular salt glands on photosynthetically active leaves (Semenova et al., 2010; Yuan
et al., 2016).
Redox balance
When Na+ accumulates to a high level in plants, it causes ionic stress, but simultaneously
inducing oxidative stress by generating excess reactive oxygen species (ROS) (Demidchik, 2015).
ROS acts as signaling molecules under various environmental stress when present in low levels,
while high ROS levels can cause damage to DNA, proteins, lipids, and other macromolecules
(Arora et al., 2002). Therefore, plants are equipped with antioxidant systems involving
enzymatic and non-enzymatic pathways to keep ROS at a desirable level for signaling (Bose et
al., 2014). Genes encoding ROS scavenging enzymes such as peroxidase, superoxide dismutase,
catalase, and ascorbate peroxidase are induced in halophytes experiencing salt stress (Apel and
Hirt, 2004; Dietz et al., 2006; Jithesh et al., 2006; Kant et al., 2006; Bose et al., 2014; Muchate et
al., 2016). Other non-enzymatic compounds such as ascorbic acid, alpha-tocopherol, and
glutathione also contribute to the scavenging of excess ROS under salt stress (Mittova et al.,
2000). The induced expression of genes encoding enzymes-scavenging ROS upon salt exposure
is correlated with an increase in stress tolerance (Wang et al., 2014).
Morphological adaptation
The majority of halophyte research shows that they possess various anatomical
adaptations to deal with excess Na+ (Zhu, 2001; Ozfidan-Konakci et al., 2016). Some of the
morphological adaptive traits are considered as distinctive traits in some halophytes. Among
them, an increase in leaf thickness or leaf succulence is recognized as an adapted trait in
halophytes when growing in a high saline environment for a long period of time (Thomas and
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Bohnert, 1993; Wang et al., 2012; Acosta-Motos et al., 2017). Thicker leaves allow a larger
amount of water to be stored and more storage space for excess Na+ (Zhao et al., 2020).
Succulence is a shared trait in many halophytes including Plantago crassifolia (Vicente et al.,
2004), Suaeda maritima (Harvey et al., 1981), Suaeda salsa (Qi et al., 2009), and Suaeda
fruticose (Ajmal Khan et al., 2000). Some halophytes have salt glands to either directly deposit
the salt to the leaf surface or sequester excess Na+ into specialized epidermal bladder cells
(Dassanayake and Larkin, 2017).
The ability of plants to maintain water status during stress is linked to higher salt tolerant
capacity (Suriya-arunruj et al., 2004). Leaf water loss occurs via transpirational stomata and the
leaf cuticle (Boyer et al., 1997; Hasanuzzaman et al., 2017). Some halophytes have a thick
cuticular wax layer (Teusink et al., 2002). The cuticular wax layer on the leaf surface serves as a
barrier to restrain uncontrolled non-stomatal water loss and gas exchange (Samuels et al.,
2008; Lee and Suh, 2015).
Plants are sessile and thus have evolved various pathways to deal with the different
abiotic and biotic stresses in their native habitats. The effects of salt stress on plant are wellunderstood, however the molecular mechanisms underlying salt-induced responses are largely
unknown. Recent advances in biotechnologies and computational tools, together with the
emergence of new research model plants such as halophytes have opened a new frontier for
salt stress biology research.
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CHAPTER 3. BALANCING GROWTH AMIDST SALT STRESS: LIFESTYLE
PERSPECTIVES FROM THE EXTREMOPHYTE MODEL SCHRENKIELLA PARVULA
Introduction
Soil characteristics, water availability, and light and temperature regimes set boundaries
for plant growth and dictate how plants complete their life cycles. Balancing plant growth with
environmental stress responses is a constant challenge faced by all plants. This balance is
epitomized by extremophytes, which are plants adapted to thrive in extreme environmental
conditions than mesophytes. Therefore, extremophytes provide insights on evolutionarilytested lifestyle strategies that have proven successful in extreme environments (Rodell et al.,
2018; Solis et al., 2020). Knowledge transfer from extremophyte-focused research to design
innovative crops that can show resilient growth under stress can be a fruitful strategy when
envisioning global food security and expansion of agricultural lands to marginal lands
(Kazachkova et al., 2018; Zandalinas et al., 2021). The recent genome explorations in a wider
range of plants makes this an ideal time for mining representative extremophyte traits.
Salt tolerance is a complex trait that requires integration of physiological, anatomical,
and metabolic responses (Barros et al., 2021). These multifaceted traits cannot be achieved in
stress-sensitive crops simply through the acclamatory response of a few genes (Roy et al.,
2014). The complexity of these interactions is implied by the fact that breeding has had limited
success in conferring salinity tolerance despite numerous attempts (Roy et al., 2014; Barros et
al., 2021). An understanding of the extent of tradeoffs between plant growth and stress
tolerance is required to assess how selected traits, genes, or pathways affect short- or longterm plant growth and fitness in extremophytes. Such foundational studies are lagging for all
the leading extremophyte models compared to the breadth of tools and molecular resources
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available to identify candidate genes in these species.

Figure 3.1. Life cycle of Schrenkiella parvula from seeds to siliques. Scale bars are 1 cm unless
indicated in the figure.
Schrenkiella parvula (Schrenk) D.A.German & Al-Shehbaz (previously known as
Thellungiella parvula or Eutrema parvulum) is a leading extremophyte model in the
Brassicaceae family (Zhu, 2015; Ali and Yun, 2017; Kazachkova et al., 2018; Krämer, 2018). S.
parvula shares many traits with the model plant, A. thaliana, that make it an excellent model,
including comparable genome size (Dassanayake et al., 2011), similar lifecycle duration, selfpollination, and prolific seed production (Table 3.1 and Figure 3.1). In the ten years following
the release of its genome, S. parvula has been developed as a model system equipped with
primary molecular tools to explore genetic mechanisms underlying plant abiotic stress
tolerance (Dassanayake et al., 2011; Oh et al., 2014; Wang et al., 2019; Pantha et al., 2021;
Wang et al., 2021). Schrenkiella parvula is remarkably tolerant to high salinity compared to
closely related Brassicaceae species (Orsini et al., 2010) and is categorized as a halophyte based
on its capacity to complete its life cycle when grown at 200 mM NaCl or higher (Flowers and
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Colmer, 2008). In addition to high sodium, S. parvula is also uniquely adapted to cope with
multiple edaphic factors found in its native habitat, including boron, potassium, and lithium,
among other salts, that exist at levels toxic for most crops (Oh et al., 2014; Tug et al., 2019). Its
preferential distribution near saline lakes in the Irano-Turanian region makes it a robust
extremophyte model to investigate multiple environmental stresses that are often found as
compound stresses in many marginal agricultural landscapes.
Table 3.1. Morphological comparison between Arabidopsis thaliana and Schrenkiella parvula.

a

Quantification from 10-12-week-old plants grown under 14-hr light/10-hr dark photoperiod,
22 ◦C – 24 ◦C temperature with a light intensity of 130 µmol m-2 s-1.
b
Average weight of 500 seeds.
Data are represented as mean of 3 independent replicates ± SD.

Despite a growing body of genomic resources for S. parvula (Ali and Yun, 2017;
Kazachkova et al., 2018; Wang et al., 2021), a systematic study that describes its life history,
and the physiological, and structural features that are associated with adaptations to
environmental stresses, especially salt stress, is absent. In this study, we evaluated S. parvula
stress adaptations at both the structural and physiological levels. We assessed adaptations that
are likely to be influential in balancing growth with stress tolerance and identified inducible
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adaptive traits that were the most prominent features in a multivariate space across
developmental stages, tissue types, and response types. We propose these inducible traits to
be hallmarks of a stress-adapted lifestyle for a fast-growing annual in saline soils demonstrating
the utility of S. parvula as an extremophyte model plant.
Materials and methods
Plant growth conditions
Plate-grown plants. Schrenkiella parvula (Lake Tuz ecotype) and A. thaliana (Col-0
ecotype) seeds were surface-sterilized, stratified for 5-7 days at 4 °C, and germinated on
Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) as described by Pantha et al.,
(2021). We used 1/4x (Figures 3.2, 19A, D, E, F, and S13) or 1/2x (Figures 3.19B, C and S1) MS
plates. The plates were incubated at 23 °C with a light intensity of 100 to 150 μmol m-2s-1
photosynthetic photon flux density under a 12 hr/12 hr (Figure 3.2), or 14 hr/10 hr (Figure 3.19
A, D, E, and F) or 16 hr/8 hr (Figures 3.19B and C; 3.3) photoperiod. Plate grown plants were
used for root growth assessments and thermal tolerance assays.
Hydroponically-grown plants. Plants were grown hydroponically in 1/5x Hoagland's
solution as described by Conn et al., (2013). Four-week-old plants were subjected to NaCl
treatments for an additional 4 weeks unless otherwise indicated in the figure caption. These
plants were used for shoot physiological assessments and anatomical characterization.
Soil-grown plants. Plants were grown on soil as described by Wang et al., (2019) with a
14 hr light/10 hr dark photoperiod, 100 to 130 µmol m-2 s-1 light intensity, at 22 to 24°C unless
otherwise indicated. These plants were used for reproductive trait assessments.
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Root growth assays
Five-day-old seedlings germinated on plates were transferred to 1/4x MS supplemented
with 100 and 150 mM NaCl and kept at a photoperiod of 12 hr light/12 hr dark for 13 days.
These plates were imaged for further processing using ImageJ (Schindelin et al., 2012) to
quantify primary root length, number of lateral roots, and lateral root density (Figure 3.2). Root
hair was imaged using a microscope (Zeiss Neolumar S 1.5 X FWD 30 mm) and the average
length of the 10 longest root hairs were used to quantify root hair length for each plant (Figures
3.2D and 3.4). Additionally, 4-day-old seedlings of A. thaliana and S. parvula grown at a
photoperiod of 16 hr light/8hr dark and on 1/2x MS agar plates were transferred to 1/2x MS
plates supplemented with 125, 175, and 225 mM NaCl and monitored for 6 days. The primary
root length, average and total lateral root length, lateral root number and density from 10-dayold seedlings were quantified. The plates were scanned at 400 dpi (Epson perfection V800
scanner, Suwa, Nagano, Japan), and pre-traced by an automated script based on root edge
detection (https://github.com/jasperlamers/RootFinder/tree/main). Manual correction was
performed with an ImageJ plugin, Smartroot (Lobet et al., 2011). Total lateral root length was
the sum of length from all lateral roots in each plant. Average lateral root length was calculated
by taking the total lateral root length divided by lateral root number. Lateral root density was
obtained from dividing the number of lateral roots by the primary root length.
Halotropism assay
Seedlings were grown on 1/2x MS medium solidified with 1.2% (w/v) Phyto agar plates
held at an 85° incline as described in Galvan-Ampudia et al., (2013). After 5 days, the agar
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medium 1 cm below the root tips, was removed and replaced by 1/2x MS agar supplemented
with 200 mM NaCl and seedlings were allowed to grow for another 5 days (Figure 3.6).
Germination assay
Sterilized stratified seeds were germinated on 1/4x MS (Figures 3.19A, D, E and F) or
1/2x MS (Figures 3.19B and C) supplemented with different concentrations of NaCl, KCl, LiCl, or
H3BO3. Final percent germination was recorded 3 days and germination curves recorded for up
to 12 days after stratification. Seeds were counted as germinated if radicle emergence was
observed. To check the viability of ungerminated seeds, S. parvula seeds that failed to
germinate on high NaCl or KCl plates were transferred back to 1/4x MS or 1/2x MS and
monitored for up to two weeks.
Thermal stress tolerance assays
Five-day-old seedlings were subjected to heat stress at 38 °C for 6, 18 and 24 hr; chilling
stress at 4 °C for 24 hr; or freezing stress at 0 °C for 12 hr followed by a recovery time of 5 days
at 23 °C. Seedlings were considered to have survived if roots continued to grow without visible
chlorosis of the cotyledons after the recovery period monitored for another 5 days.
Quantification of leaf traits
Stomatal conductance and CO2 assimilation rate were measured using the sixth or
seventh leaf from the shoot tip of hydroponically grown plants in LiCor 6400-40 leaf chamber
attached to a 6400XT gas analyzer (LiCor Inc, Lincoln Nebraska). Measurements were taken
after acclimation to 400 μmol photons m-2 s-1, 400 μL L-1 CO2 at 23 °C and an air flow rate of 200
µmol s-1 until a steady-state photosynthesis rate was attained. Each leaf was measured three
times and three plants were used for each treatment.
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Four-week-old hydroponically grown plants subjected to 150 mM NaCl or control
treatments were used for the following leaf measurements. To quantify total leaf area, all
leaves from selected plants were scanned (Perfection V600 scanner, Epson, Suwa, Nagano,
Japan) and analyzed with ImageJ (Schindelin et al., 2012). To obtain the relative water content
(RWC), newly harvested leaves were weighed before and after submerging in water for 24 hr
(to get fresh and turgid weights respectively) followed by drying until dry weights were
obtained. RWC was calculated as (fresh weight - dry weight)/(turgid weight - dry weight). Leaf
temperature was measured on intact leaves of 4-week-old plants between ZT3 to ZT4
(Zeitgeber Time) every day for 7 days using thermal imaging (E6, FLIR, Wilsonville, Oregon). Leaf
temperatures were averaged across all leaves for each plant.
The fifth and sixth leaves from the shoot tip of hydroponically grown plants were used
for the extraction of protoplasts as described in Galbraith et al., (1983). A flow cytometer
(FACScan, BD Biosciences, San Jose, CA) with a 15 mW 488 nm argon-ion laser configured for
propidium iodide fluorescence measurements were used for cell ploidy detection. A total of
15,000 cells per sample from three biological replicates were acquired and analyzed in the form
of DNA ploidy histograms (Cellquest Pro software, BD Biosciences, San Jose, CA on a Macintosh
G5 workstation, Apple Computer, Cupertino, CA).
High-throughput phenotyping of morphometric and physiological traits
A. thaliana and S. parvula seeds were surface-sterilized with 50% bleach for 5 min then
rinsed 4 times with distilled water. Seeds were sown onto MS agar plates (4.4 g L-1 MS salts, 0.5
g L-1 MES (pH 5.7), 2% (w/v) sucrose, 0.8% (w/v) agar (Duchefa Biochemie) and stratified at 4 °C
in the dark for 7 d (A. thaliana) or 14 d (S. parvula) before transfer to the growth room (16 h
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light, 8 h dark, 21°C). After 4 d (A. thaliana) or 6 d (S. parvula), plants were transferred to soil
(Even-Ari Green 7611, 70% peat, 30% perlite 1.5 kg m-3 osmocote 14-14-14), with 1 plant per
PlantScreen™ Compact system specific pot (200 ml, 5.4 x 5.4 cm at the top). Salt treatment (0,
100, or 200 mM NaCl) was initiated at 4 d (A. thaliana) or 6 d (S. parvula) after transfer to soil.
Plants were irrigated twice a week for the duration of the experiment.
Plants were moved to the PSI PlantScreen™ Compact system (Qubit Phenomics, PSI) at
Tel-Aviv University, 3 d prior to the start of the experiment, at 9 (A. thaliana) and 11 (S. parvula)
days after transfer to soil respectively. Leaf area and compactness were measured using Red
Green Blue (RGB) images taken from above using a 5 MPX camera under 180 µmol photons m -2
s-1 light. Images were automatically corrected for Barrel distortion and were used for
morphometric measurements based on computer-generated masks of plant outline from which
the system calculated leaf area and plant convex hull area in mm2. Compactness was calculated
by the PSI PlantScreen™ Compact system software as the ratio between the rosette (or leaf)
area and the rosette (or leaf) convex hull area. Leaf water status was estimated based on leaf
temperature measured via a top-mounted long-wave infra-red high-resolution camera and
imaging at 940 nm and 1450 nm, which was converted to leaf water status by the PSI
PlantScreen™ Compact system software. Chlorophyll fluorescence was measured at room
temperature based on the adaxial side of rosette leaves. The following protocol was used:
Plants were dark-adapted for 15 min prior to chlorophyll fluorescence measurements. Minimal
fluorescence (F0) was measured using 10 μs 620 nm (red-orange) flashes, followed by an 800
ms, 2000 μmol photons m-2 s-1 (actinic light 2: cool white) saturation pulse for measurement of
maximum fluorescence (Fm). Plants were then subjected to 6 min of 180 µmol photons m-2 s-1,
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with saturation pulses every 30 s. Peak fluorescence (FP) was measured prior to the first
saturation pulse, Fm_Ln was measured based on the maximum fluorescence signal during each
saturation pulse, and the steady-state fluorescence signal (Ft_Lss) and maximum signal (Fm_Lss)
were measured before and during the last saturation flash. Variable fluorescence in the darkadapted state (Fv) was calculated by Fm-F0. Maximum quantum yield of PSII was calculated as
Fv/Fm; NPQ was calculated as (Fm-Fm_Ln)/Fm (Photon Systems Instruments, 2019). All
calculations were performed by FluorCam7 software 2.1 (Photon Systems Instruments).
Root and shoot anatomical analysis
Fresh sections. Freshly-cut root tips were stained with 0.05% (w/v) Toluidine blue,
washed with deionized water, and mounted with glycerol for root tip imaging. Fresh cross
sections from young roots (1 cm from the tip), mature roots (2 to 5 cm from the root and shoot
junction), stems (fourth, fifth, and sixth internodes from the shoot tip) and leaves (fourth, fifth,
and sixth from the shoot tip) from 8-week-old plants were used for anatomical trait
characterization. Root and shoot cross-sections were stained with 0.05% (w/v) Toluidine blue
and 0.01% (w/v) Safranin-O, respectively, for 30 secs to 1 min. All fresh samples were examined
for anatomical traits under bright field illumination using a DM6B Upright Microscope (Leica,
Wetzlar, Germany, which features a Hamamatsu sCMOS camera, Japan).
Fixed sections. Plant cross sections of mature roots, stems, and leaves were prepared
by fixing tissues overnight at 4 °C in 2.5% (v/v) glutaraldehyde and 2.0% (w/v) formaldehyde in
0.1 M phosphate buffer, pH 7.4. Samples were post-fixed in 1.0% (w/v) osmium tetroxide in 0.1
M phosphate buffer at pH 7.4 for 2 hr, rinsed with deionized water three times for 5 mins each,
and dehydrated in an ethanol series at room temperature. Samples were embedded in Epon
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resin and sectioned at a thickness of 0.5 μm and stained in 0.5% (w/v) toluidine blue O. These
fixed sections were imaged using a light microscope (IX81, Olympus, Japan) and processed
using ImageJ (Schindelin et al., 2012). Fixed longitudinal section of young roots were prepared
by fixing seedlings as described by Ursache et al., (2018). Briefly, seedlings were incubated in
phosphate buffer for 1 hr and washed 3 times for 10 mins. For cell wall staining, seedlings were
stained with 0.1% Calcofluor White (in ClearSee solution) for 30 mins and then washed in
ClearSee for 30 mins. Root imaging was done using confocal microscopy (TCS SP8 HyD confocal
microscope, Leica, Wetzlar, Germany) with an excitation window set to 405 nm and a detection
window set from 425 to 475 nm.
Stomatal staining. Small pieces of freshly detached leaves were immersed in 1/10x
(w/v) propidium iodine solution for five to ten mins and imaged on a Confocal Laser Scanning
Microscopy (TCS SP8 HyD confocal microscope, Leica, Wetzlar, Germany). Propidium iodide was
excited at 535 nm and the emission was collected at 570 to 630 nm. Stomata per unit area was
calculated using ImageJ (Schindelin et al., 2012). We counted the number of stomata on both
hydroponically- and soil-grown plants and on adaxial and abaxial surfaces at the same
developmental stage and treatment duration.
Scanning electron micrographs. For scanning electron microscopy, freshly detached
leaves were mounted on the specimen stubs using double-sided tape and observed under high
vacuum mode at 5.0 kV using a scanning electron microscope (JSM 6610LV, JEOL, Tokyo,
Japan).
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Reproductive trait quantification
Three-week-old soil grown plants were treated with an incremental increase of 50 mM
NaCl every 2 days until the final concentration was reached to 150 mM NaCl treatments and
maintained at 150 mM NaCl for the remainder of the experiment under either a long-day (16 hr
light/ 8 hr dark) or short-day (12 hr light/12 hr dark) photoperiod. Flowering time was recorded
when the first open flower was observed. Total numbers of flowering events, including all
developing, mature, and aborted flowers, as well as fully developed siliques were counted
separately for each plant throughout its lifetime. Fully developed siliques were counted and
harvested for imaging from 5-week-old plants that were given 150 mM NaCl or control
treatments for an additional 2 weeks.
Computational analysis
The data used to compare the basal expression of wax biosynthesizing genes between
A. thaliana and S. parvula were retrieved from NCBI-SRA database, accession# SRX877979 and
SRX877980, respectively (Oh et al., 2014). The expression profiles were visualized using
Integrated Genomics Viewer (v2.6) (Thorvaldsdottir et al., 2013). The copy numbers and
transposition states of PhyB/D orthologs were determined using CLfinder-OrthNet pipeline as
described by Oh and Dassanayake, (2019). For principal component analysis (PCA) given in Fig 8,
as traits were measured in different units and scales, the measurements for each trait were first
normalized by either subtracting the mean (for anatomical traits) or dividing by the mean (for
physiological traits). The normalized data were subsequently analyzed with prcomp in R.
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Results
Schrenkiella parvula adjusts root growth, structure, and form under high salinity

Figure 3.2. Effects of NaCl stress on root growth in Schrenkiella parvula and Arabidopsis
thaliana seedlings. [A] 12-day-old seedlings of A. thaliana and S. parvula were grown for 5
days on 1/4x Murashige and Skoog media, and 7 days on the indicated concentrations of
NaCl. Plates were scanned 7 days after treatment (DAT). [B] Primary root growth and
average root growth rate, [C] number of lateral roots and lateral root density, and [D]
average length of 10 longest root hairs. Asterisks indicate significant difference (p ≤ 0.05)
between the treated samples and their respective control group, determined by Student's
t-test. Data are mean ± SD (n =3, at least 3 plants per replicate). Open circles are individual
measurements.
Schrenkiella parvula roots, in contrast to those of A. thaliana, maintained uninterrupted
root growth in response to salt stress compared to control conditions (Figure 3.2A).
Remarkably, S. parvula primary root length did not display any growth retardation even after
longer durations or higher salt concentrations tested, while A. thaliana showed growth
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inhibition at 100 mM NaCl (Figure 3.2B). The same trend was observed for lateral root growth,
although the emergence of lateral roots was delayed in S. parvula even at control conditions
compared to A. thaliana (Figure 3.2C). The higher tolerance to salinity shown by S. parvula
roots compared to A. thaliana roots was consistent when plants were grown under a longer
photoperiod and at higher nutrient levels (Figure 3.3). Under these conditions, a 125 mM NaCl
treatment caused a growth stimulating effect on S. parvula primary root length, but inhibited
root growth in A. thaliana (Figure 3.3B). Stronger inhibition of both average lateral root length
and number was imposed by 175 and 225 mM NaCl, which could explain the reduced total

Figure 3.3. Effects of NaCl stress on root growth of Schrenkiella parvula and Arabidopsis
thaliana under long days and higher nutrient conditions. [A] Root growth of 10-day-old
seedlings under indicated concentrations of NaCl. Quantification of [B] primary root growth,
[C] number of lateral roots, [D] average lateral root length, [E] total lateral root length, and
[F] lateral root density. Asterisks indicate significant difference (p-adj ≤ 0.05) between the
treated samples and their respective control samples, determined by two-way ANOVA. Data
are represented as mean ± SD (n = 15 to 20). Open circles indicate the number of plants used
for each experiment.
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lateral root length (Figure 3.3C to E). Taken together, salt stress imposed by 125 mM NaCl
promoted primary root growth and average lateral root length, while a higher salt
concentration of 175 mM NaCl imposed less inhibition on main root growth and lateral root
density in S. parvula compared to A. thaliana. Compared to primary and lateral roots, root hair
development in S. parvula was sensitive to high salinity; root hairs showed a consistent
decrease in length at higher salinities or during longer exposure times to salt stress (Figures
3.2D and 3.4). The ability of S. parvula to maintain or enhance primary root growth under high
salinity remained as a consistent trait shown by mature plants over longer durations and higher
salinities tested using 250 mM NaCl in a hydroponic growth medium (Figure 3.5).

Figure 3.4. Effects of NaCl stress on root hair growth in Schrenkiella parvula and Arabidopsis
thaliana. White arrows indicate root tip positions when the 5-day-old seedlings were
transferred to the indicated salt concentrations. Note that the white arrows were absent in
A. thaliana and S. parvula control because the position of the root tip at the time of
transferring were out of frame when we imaged the root tip region. Scale bars are 0.5 mm.
DAT, Days after treatment.
Arabidopsis thaliana roots showed halotropism by growing away from salt (Figure 3.6)
(Galvan-Ampudia et al., 2013). Interestingly, under comparable growth conditions, S. parvula
showed salt-insensitive primary root growth where it grew towards higher salt concentration
without changing its course, further exemplifying the higher tolerance to high salinity (Figure
3.6).
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Figure 3.5. Long term effects of NaCl stress on the root growth of Schrenkiella parvula. [A]
Root fresh weight and [B] primary root length of 12-week-old hydroponically grown S.
parvula plants. Four-week-old plants were subjected to 150 mM NaCl for an additional 4
weeks and the treatment was continued or increased to 250 mM NaCl for another 4 weeks.
The plants were grown at 100-150 μmol m-2 s-1 photosynthetic photon flux density with a 12
hr light/12 hr dark photoperiod. Asterisks indicate significant difference (p ≤ 0.05) between
the treated samples and their respective control samples, determined by Student's t-test.
Data are represented as the mean ± SD (n = 9). For each plot, an open circle indicates the
measurement from each plant.

Figure 3.6. Halotropism assay at 200 mM NaCl for Schrenkiella parvula and Arabidopsis
thaliana. The blue lines indicate the position of seeds sown. The yellow line marks the
separation between 1/4x MS media with 0 mM (top) and 200 mM NaCl (bottom). The bent
root angle is indicated by curved white lines. g, gravity axis.
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Figure 3.7. Effects of NaCl stress on Schrenkiella parvula root anatomy. Eight-week-old S.
parvula plants were grown under control or 150 mM NaCl conditions for an additional 4
weeks. [A] The position of transverse sections of S. parvula roots, [B] the root tip, [C] the
young root, and [D] the mature root from 12-week-old hydroponically-grown S. parvula
plants. A minimum of 20 sections from 4 to 13 plants were examined for each root region
to quantify each parameter for each condition. Asterisks indicate significant differences (p
≤ 0.05) between the treated samples and their respective control group, determined by
Student's t-test. Data are means ± SD. Data points represent individual cross-sections and
colors represent individual plants. Representative cross-sections were obtained from the
control plants. Scale bar represents 100 µm.
To investigate the potential effect of salt stress on root anatomy, we examined the
tissue level structural responses in roots of 8-week-old S. parvula plants that had been treated
for 4 weeks with 150 mM NaCl (Figure 3.7A). These traits were catalogued from root tips to
mature roots (Figure 3.8). In young roots, the length of the root tip (measured as the distance
from the tip to the emergence site of the first root hair) was longer under high salinity
conditions compared to control conditions (Figure 3.7B). However, we did not observe any
other anatomical trait adjustments to salinity in young roots of S. parvula (Figure 3.7C).
Interestingly, S. parvula roots develop an extra cell layer between the cortex and endodermis
compared to A. thaliana, formed early on in its root development in both control and salt-
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treated samples (Figure 3.8A and C). In response to high salinity, xylem tissues in mature roots
significantly increased in area under high salinity (Figure 3.7D). However, this did not affect the
overall mature root area. The xylem tissue expansion was primarily caused by increase in the
area of vessels. The extra space taken up by the xylem tissue was compensated for by reduction
of the cortical air spaces (unstructured aerenchyma) in mature roots (Figure 3.7D).

Figure 3.8. Root anatomy of Schrenkiella parvula. [A] Transverse section of the young root
taken at 1-3 cm from the root tip. [1] Young root area; [2] root diameter; [3] epidermis
thickness; [4] cortical layer thickness; [5] endodermis thickness. [B] Transverse section of the
mature root taken between 2-5 cm below the root-shoot junction. [1] Mature root area; [2]
xylem/root area; [3] Area per vessel; [4] # vessels/root diameter; [5] Air space/root area. [C]
Longitudinal section of young root tip from 7-day-old seedlings. The cortex layer is
highlighted in yellow. The red arrow indicates the additional cell layer.
Schrenkiella parvula shoots change in form and function to response to salt stress
Structural adjustments in response to long-term salt stress extended to shoot tissues in
S. parvula (Figures 3.9 and 3.10). Long-term salt stress leads to larger vessels in S. parvula
shoots (Figure 3.9A) to maintain the root-shoot continuum with root vessel elements that
increased in size when exposed to high salinity (Figure 3.7D). The expansion in vessel element
size in shoots was matched by a reduction in cambial and cortical zones that kept the average
shoot area constant between control and salt-treated plants (Figure 3.9A), while other cell and
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tissue layers in the shoot remained unchanged (Figure 3.10B).

Figure 3.9. Effects of NaCl stress on Schrenkiella parvula shoot anatomy. Eight-week-old S.
parvula plants were grown under control or 150 mM NaCl conditions for an additional 4
weeks. Transverse section of [A] stem and [B] leaf of 12-week-old hydroponically-grown S.
parvula plants. A total of 23 sections from 7 control plants and 32 sections from 9 treated
plants were used for leaf measurements, and a minimum of 20 sections from 5 to 11 plants
were used for stem measurements. Data points represent individual cross-sections and
colors represent individual plants. [C] Nuclear DNA content, distribution of leaf cell ploidy,
and endoreduplication index of leaf cells from 10th and 11th leaves from the shoot meristem
in control and 250 mM NaCl-treated 8-week-old S. parvula plants. Data are mean ± SD (n=
4). Asterisks indicate significant difference (p ≤ 0.05) between the treated samples and their
respective control group, determined by Student's t-test. Representative cross-sections were
obtained from the control plants Scale bars represent 100 µm.
Leaves that developed during long-term salt treatments in S. parvula exhibited
increased succulence, as indicated by increase in leaf thickness across the leaf including the
midrib (Figures 3.9B and 3.11). Increased endoreplication induced by salinity can cause cell size
expansion and succulence in the extremophyte, Mesembryanthemum crystallinum (Barkla et
al., 2018). We therefore tested whether the increased succulence in S. parvula leaves in
response to salt coincided with endoreplication by quantifying ploidy of leaf cells. Indeed, the
proportion of leaf cells with higher ploidy increased with increased salinity, causing a significant
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Figure 3.10. Stem anatomy of Schrenkiella parvula. [A] Transverse section of S. parvula stem
(between 4th, 5th, and 6th internodes from the shoot meristem) with cell layers marked in
yellow lines for trait quantification. [B] Measurements of stem anatomical features indicated
in [A]. A minimum of 20 sections from 5-11 plants were used for each measurement.
Asterisks indicate significant difference (p ≤ 0.05) between the treated samples and its
respective control samples, determined by Student's t-test. Data points represent individual
cross-sections and colors represent individual plants.
rise in the endoreplication index under 250 mM NaCl compared to the control condition (Figure
3.9C). Schrenkiella parvula leaves showed both structural and functional adjustments to salt
treatments that correlated with its capacity to maintain relative water content (Figure 3.12),
but the total leaf number per plant remained similar between control and salt-treated plants
(Figure 3.12A). Long-term salt treatments not only increased leaf succulence, but also leaf area
(Figure 3.12A), suggesting a growth-promoting effect at least with the long-term 150 mM NaCl
treatment. Schrenkiella parvula was photosynthetically active and maintained growth during
long-term salt treatments at high salinities (Figure 3.9), but there was a tradeoff in increasing
salt on shoot development at salinities surpassing 150 mM (Figure 3.13).
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Figure 3.11. Leaf structures of Schrenkiella parvula. [A] Transverse section of S. parvula
leaves. [1] leaf thickness and [2] midrib thickness. [B] Transverse sections of S. parvula
leaves treated with indicated concentration of salts. All sections represent the fifth or sixth
leaf from the root-shoot junction in 8-week-old plants that were treated for 4 weeks.

Figure 3.12. Effects of NaCl stress on Schrenkiella parvula leaf traits. All experiments were
performed with 4-week-old hydroponically-grown plants that were treated for an additional
4 weeks with the indicated NaCl concentrations. [A] Total leaf area, [B] Stomatal density, [C]
Stomatal conductance, [D] Photosynthesis rate, [E] Leaf relative surface temperature, and
[F] Leaf relative water content. Asterisks indicate significant difference (p ≤ 0.05) between
the treated samples and their respective control samples, determined by Student's t-test.
Data are means ± SD (n ≥ 3). Open circles indicate the measurement from each plant (in B
and F) and leaves (in C and D) for each experiment. DAT, days after treatment.
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Figure 3.13. Effects of salt on growth of 4-week-old Arabidopsis thaliana and Schrenkiella
parvula treated for an additional 2 weeks at 22 °C under a 12 hr light/12 hr dark photoperiod
in soil.
Leaf shape, angle and phyllotaxis, stomatal distribution, and boundary layer thickness
caused by thick cuticles or trichomes largely contribute to efficient use of water by plants
(Blum, 2009). Schrenkiella parvula leaves are amphistomatous (i.e. stomata exist on both
abaxial and adaxial surfaces), linear-lanceolate with a narrower base, and trichomeless (Table
3.1, Figure 3.12A and 5B). In S. parvula, stomatal density did not change in fully-mature leaves
(Figure 3.12B). However, stomatal regulation was adjusted with increasing salinities as
indicated by decreased stomatal conductance (Figure 3.12C) and decreased CO2 assimilation,
notably at much higher salinities for S. parvula than observed for A. thaliana (Figure 3.12D).
While 50 mM salt treatment was sufficient to cause a decrease in stomatal conductance and
photosynthesis in A. thaliana, S. parvula treated with 100 mM NaCl was able to maintain
stomatal conductance and CO2 assimilation at levels indistinguishable from those measured in
plants grown under control conditions. Concomitantly, S. parvula maintained lower average
leaf temperatures than A. thaliana (Figure 3.12E). Remarkably, S. parvula maintained relative
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leaf water content at all tested salinities up to 250 mM NaCl (Figure 3.12F).

Figure 3.14. Effects of NaCl stress on Arabidopsis thaliana and Schrenkiella parvula
morphometric and physiological traits. Soil-grown, 8-day-old A. thaliana and 12-day-old S.
parvula were exposed to the indicated salt concentrations at 21 °C, 16 h light/8 h dark
photoperiod. The Measurements were taken on day 8, 12, and 15 after the start of the salt
treatments. [A] Compactness (the ratio between the rosette (or leaf) area and the rosette
(or leaf) convex hull area); [B] Leaf area; [C] Leaf water content; [D] Maximum quantum
efficiency of PSII; and [E] Non-photochemical quenching were measured/estimated using
the Qubit/PSI PlantScreen™ Compact System. For leaf area and leaf water content, values
are percent of control (0 mM NaCl) for each time point. Letters denote significant changes at
p-adj ≤ 0.05 (one-way ANOVA with post-hoc Tukey’s test). Data are mean ± SD (n = 10).
Open circles indicate the individual measurements obtained from each plant. DAT, days
after treatment.
Utilizing the Qubit/PSI PlantScreenTM Compact high-throughput phenomics system, we
undertook a comparative analysis of A. thaliana and S. parvula shoot morphometrics (RGB
digital camera), leaf water content (infra-red camera), and photochemistry (PAM chlorophyll
fluorescence). Figure 3.14A demonstrates that the phenomics system was able to
simultaneously capture morphological characteristics specific to each species. A. thaliana has a
rosette structure (i.e. less protrusions from a perfect circle), and therefore exhibited higher
compactness). In contrast S. parvula leaves on a spiral phyllotaxy (Figure 3.1 and Table 3.1) that
increasingly protrude as the plant grows, reflected a lower compactness in older plants
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regardless of salt concentrations. Salt stress led to a statistically significant reduction in A.
thaliana leaf area but had no effect on S. parvula leaves (Figure 3.14B). S. parvula was also able
to maintain leaf water content and maximum quantum efficiency of PSII under salt stress
(Figure 3.14C and D, respectively) whereas A. thaliana exhibited a salt stress-mediated
reduction in both parameters. Non-Photochemical Quenching (NPQ), a mechanism for
dissipating excess light energy, increased in A. thaliana under salt stress suggesting that less
energy is being utilized for productive purposes (Figure 3.14E). On the other hand, salt stress
had no effect on NPQ in S. parvula. The resilience of S. parvula photochemistry under salt stress
is consistent with this species’ ability to maintain CO2 assimilation in saline conditions (Figure
3.12D). Taken together, the phenomics data confirm similar growth and physiological tolerance
of S. parvula to salt stress regardless of growth medium.
Minimizing non-stomatal transpiration by enhanced epidermal boundary layer
resistance is equally important as stomatal regulation in preventing water loss under water
stress (Blum, 2009). Indeed, previous findings have demonstrated that S. parvula leaves possess
a significantly thicker leaf cuticle supported by a higher level of total wax content compared to
A. thaliana leaves (Teusink et al., 2002) (Figure 3.15A). Interestingly, when we compared the
basal expression of key genes in the wax biosynthesis pathway (Bernard and Joubès, 2013) from
comparable shoot tissues grown under control conditions, we observed consistently higher
constitutive expression in S. parvula compared to expression of their A. thaliana orthologs
(Figure 3.15B). Changes to leaf shape and arrangement is not a salt-dependent, inducible trait
in S. parvula. However, its narrow leaves with elongated petioles arranged spirally on erect
stems with elongated internodes (Figure 3.16A) are ideally suited to rapid growth in saline
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Figure 3.15. Leaf surface and the basal expression of genes involved in wax biosynthesis in
Arabidopsis thaliana and Schrenkiella parvula. [A] Scanning electron micrographs
contrasting A. thaliana and S. parvula leaf surfaces. [B] Major wax biosynthesis pathway
and [C] wax biosynthesis genes that exhibited significantly different basal expression
between A. thaliana and S. parvula.
habitats with warm temperatures where efficient transpirational cooling imparts selective
advantages (Lin et al., 2017). Additionally, an erect growth habit is more desirable than a
rosette to minimize leaf contact with soil, given that S. parvula is found near saline lakes with
topsoils often enriched in salt crystals (Tug et al., 2019). Key traits resulting in narrow leaves,
elongated petioles and internodes are influenced by the phytochrome family of genes (Li et al.,
2011), and we noted that S. parvula plants closely resemble the morphology of A. thaliana phyB
phyD double mutants (Li et al., 2011). This morphological similarity led us to search for genomelevel cues for loss-of-function or altered function in S. parvula PHY genes that may support such
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a phenotype being selected as the only documented growth form of S. parvula (Figure 3.1 and
Table 3.1) (German and Al-Shehbaz, 2010). We observed that PHYB was conserved as a single
copy gene in six closely-related Brassicaceae genomes that we examined, with a translocation
event between lineage I and II species. However, PHYD appeared to have undergone a gene
loss specifically in S. parvula (Figure 3.16B).

Figure 3.16. The potential influence of phytochrome family of genes on Schrenkiella parvula
leaf and growth form. [A] Elongated internode and leaf petiole in S. parvula compared to A.
thaliana. [B] PHYD is absent in the S. parvula genome as illustrated using OrthNet
representing evolutionary histories of orthologous gene groups derived from six
Brassicaceae genomes: Arabidopsis lyrata (Aly, version 1.0), Arabidopsis thaliana (Ath, v.
‘TAIR10’), Capsella rubella (Cru, v. 1.0), and Eutrema salsugineum (Esa, v. 1.0), Sisymbrium
irio (Sir, v. 0.2), and Schrenkiella parvula (v. 2.0). Nodes are color-coded according to the
species. Edges show either co-linear (cl) or transposed (tr) properties.

Salt stress induces early flowering and silique formation in Schrenkiella parvula
We examined long-term salt-stress effects on reproductive traits to investigate how
excess Na+ affected S. parvula fitness (Figure 3.17). Salt treatment induced early flowering
irrespective of whether flowering time was measured as the number of days after planting to
detection of the first floral buds or the number of leaves developed before flowering (Figure
3.17A to C). Additionally, early flowering induced by salt was observed under both long-day and
short-day photoperiods (Figure 3.17C). The initial ~10 flowers produced under control
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conditions aborted without developing into siliques, while these flowers produced mature
siliques in salt-treated plants (Figure 3.17A and B). Schrenkiella parvula flowers are selffertilizing, a process facilitated by the elongation of filaments to the level of the stigma.
However, early flowers under control conditions developed shorter filaments than in the salttreated plants (Figure 3.17D). In control plants, these shorter filaments appeared to hinder
successful fertilization and delayed subsequent silique formation (Figure 3.17A and E). Notably,
the salt-induced early flowering and salt-dependent elongation of filaments were not specific to
NaCl treatment and were also initiated by KCl at similar concentrations (Figure 3.18). At later
reproductive stages, the continuous growth of multiple floral meristems led to fertile flowers
under control conditions. Despite the early success of silique formation in salt-treated plants,
the cumulative number of flowers and siliques produced by control plants surpassed that of
salt-treated plants if allowed to grow past two months. For example, at 74 days after planting,
the control plants had a greater number of flowers per plant than salt-treated plants (Figure
3.17E). The experiment was discontinued when salt-treated plants stopped producing new
inflorescences and were senescing (approximately 74 days after planting). Therefore, S. parvula
does not require salt to increase fitness, and salt treatments appear to only provide a transient
advantage during early reproductive stages. Even if fitness is higher for control plants compared
to salt-treated plants when evaluated based solely on the total number of siliques produced per
plant within a longest possible growing season, there may be additional benefits when seeds
develop on plants exposed to long-term high salinity, especially if seasonal changes in its
natural habitats reward a strategy of salt-accelerated reproduction. The average size of siliques
and seeds of salt-treated plants were significantly greater than in control plants (Figure
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Figure 3.17. Effects of NaCl on reproductive traits of Schrenkiella parvula. [A] Plants grown
under control conditions generally flower at the ~17th leaf stage and the first few flowers
are subsequently aborted. [B] Salt treated plants flower earlier at the ~14th leaf stage and
the first flowers develop into mature siliques. [C] Days from planting to the first observed
flower of plants grown under a long day (16 hr light/8 hr dark) or short day (12 hr light/12 hr
dark) photoperiod with and without the indicated salt treatment. Center line - median; box interquartile range (IQR); notch - 1.58 × IQR/sqrt(n); whiskers - 1.5 × IQR. [D] Flowers
obtained from control and treated plants described in panel A and B. [E] Number of flowers
and siliques per plant under control and salt treatment. Data are mean ± SD. Open circles
represent individual measurements from four biological replicates. [F] Ratio between the
number of flowers and siliques observed for control (C) and salt-treated (T) plants described
in E. [G] Siliques from plants under control and NaCl treated conditions. [H] Size of siliques
from G. Open circles represent individual silique counts. [I] Comparison of the area of seeds
from plants under control and NaCl treated conditions. Data are mean ± SD (n = 50). Seeds
per condition were selected from the seed pool of 15 to 50 plants. Open circles represent
individual seeds. For panel [B], salt treatment started 21 DAP, initially at 50 mM NaCl given
every other day. The salt concentration was increased by 50 mM every four days until it
reached 200 mM; for panels [C, E, F], salt treatment was applied to 3-week-old plants until
the end of the experiment; for panels [G, H, I], salt treatment was applied to 5-week-old
plants for an additional 2 weeks. Different letters or asterisks represent significant
differences (*, p < 0.05) compared to control, determined by either one-way ANOVA
followed by Tukey's post-hoc test [C] or Student's t-test [E, H, I]. DAP, days after planting.
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3.17G, H, and I). This suggested that more resources were available for seeds when produced
by salt-treated plants compared to control plants. The number of seeds per silique was not
different between control and treated plants and the seeds from both groups were
indistinguishable in the rate of germination in the subsequent generation when germinated on
media without added NaCl.

Figure 3.18. Effects of KCl on reproductive traits of Schrenkiella parvula. [A] Plants grown
under control conditions generally flower late and the first few flowers are subsequently
aborted. KCl-treated plants flower earlier and the first flowers develop into mature
siliques. [B] Early flowers in KCl treated plants develop longer filaments compared to
control plants. DAP, days after planting.
Schrenkiella parvula seed germination is delayed by high salinity and is sensitive to specific
salts
Many plants including salt-adapted plants delay germination in saline media even if
their seedling stages can tolerate high salinity (Kazachkova et al., 2016). Both S. parvula and A.
thaliana exhibited decreased seed germination as NaCl concentrations increased compared to
control conditions (Figure 3.19A). However, unlike the more salt-tolerant traits S. parvula
displayed compared to A. thaliana during seedling and mature developmental stages (Figures 3.
2, 4, and S9), S. parvula seed germination was more sensitive to NaCl than A. thaliana seed
germination (Figure 3.19A). When we sowed S. parvula seeds directly onto salt plates prior to
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Figure 3.19. Effects of salt stress on the germination of Arabidopsis thaliana and Schrenkiella
parvula seeds. [A] Final percent germination recorded at 3 days and [B] germination curves
of seeds treated with different concentrations of NaCl recorded for 12 days after
stratification. [C] Germination curves of NaCl-treated seeds transferred to control (no NaCl)
media, after 2 days or 30 days on salt plates. The germination curves were performed by
direct sowing of seeds onto salt plates prior to stratification. Black arrows point to the day
when seeds were transferred to non-NaCl plates. [D, E, F] Final percent germination of seeds
treated with KCl [D], LiCl [E] or H3BO3 [F]. Data are mean ± SD (n = 3-4, each replicate
contains ca. 50 seeds). Open circles indicate individual measurements. Different letters
indicate significant difference (p ≤ 0.05) determined by one-way ANOVA with post-hoc
Tukey’s test across all conditions in [A, D, E, F], or across treatment groups at 3 and 12, and 7
days after stratification in [B] and [C] respectively.
stratification, we observed more severe salt-mediated inhibition of germination. This was
demonstrated via detailed germination curves that revealed a progressive reduction in both
germination rate and final percent germination with increasing NaCl concentrations (Figure
3.19B).
This salt-influenced trait did not lead to a binary outcome between germinated vs
ungerminated seeds. The smaller fraction of S. parvula seeds that formed a radicle compared to
A. thaliana continued to develop in a high salinity medium similarly to those seeds germinated
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under control conditions (Figure 3.20A). In contrast, A. thaliana seeds that formed radicles in a
high saline medium did not survive to the seedling stage. Up to 98% of S. parvula seeds that
failed to germinate (i.e. no visible radicle emergence) on high-salt growth medium germinated

Figure 3.20. Effect of salt on Arabidopsis thaliana and Schrenkiella parvula inducing barriers
for seed germination and seedling establishment. [A] S. parvula (Sp) and A. thaliana (At)
seed germination and growth on NaCl- and KCl-supplemented MS medium. Scale bars are 2
cm. [B] Growth of ungerminated S. parvula seeds treated with different concentrations of
NaCl (as shown in Figure 3.19) after transferring to control MS medium.
and developed into seedlings when transferred to control medium without added NaCl (Figures
3.19C and 3.20B). Moreover, seeds that were incubated for a month on saline medium still
exhibited 98% germination (Figure 3.19C). Interestingly, adding salt and increasing the duration
of salt-treatment, led to faster germination when salt-inhibited seeds were transferred back to
the control medium. These results suggest that NaCl introduces a reversible barrier to S.
parvula seed germination.
We also tested whether other salts, including K, Li, and B, found in the native soils of S.
parvula ecotype Lake Tuz caused a reversible inhibition of S. parvula seed germination. KCl
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induced a similar inhibitory response as observed for NaCl (Figures 3.19D and 3.20), but neither
LiCl nor H3BO3 led to inhibition of S. parvula seed germination (Figure 3.19E and F). In contrast,
A. thaliana seed germination was highly sensitive to high LiCl and H3BO3, and KCl at 150 or 250
mM was lethal to A. thaliana seeds that formed a radicle (Figures 3.19D, E, F, and 3.20A). These
data suggest that S. parvula is adapted to sense the soil salt level as well as the salt type before
radicle emergence, and if seeds germinate, they are more likely to continue development
despite toxic levels of salts in the growth medium that are lethal to A. thaliana.
Salt-dependent germination of S. parvula suggests that it is an adaptive trait to time
seed germination for when topsoil salinity decreases during the summer months from June to
September. This finding was supported by field observations made in the Lake Tuz region where
S. parvula grows as a seasonal annual during the summer months that receive the highest
rainfall and temperature with the longest day length (Figures 3.21A to C). The saline soils
surrounding Lake Tuz are often covered with a salt crust towards fall, which becomes a
dominant feature in the landscape extending to spring of the following year despite having a
high saline water table throughout the year (Tug et al., 2019). Seed germination may range
widely within the expected growing season and seedlings are more vulnerable to extreme
environmental conditions than mature plants. Finally, we compared S. parvula and A. thaliana
seedlings for their tolerance to heat, chilling, and freezing stresses to assess how S. parvula may
fit within the expected temperature tolerance range required to survive in its native habitat
(Figures 3.21D to F). Schrenkiella parvula seedlings displayed higher tolerance to heat stress at
38 °C than A. thaliana (Figure 3.21F), while chilling and freezing tolerance in both species was
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indistinguishable (Figure 3.21D and E).

Figure 3.21. Survival of Schrenkiella parvula in the climate conditions found in Lake Tuz
region. [A] Lake Tuz location from Google Earth; [B] Precipitation and temperature recorded
in Konya, Turkey (NOAA, 2019). S. parvula growing season is from April/May to
August/September (Tug et al., 2019). Bars indicate precipitation and lines represent
temperature. [C] Average day length recorded in Konya per month. Red line indicates the
day length used for typical laboratory growth assays for S. parvula. [D-F] Survival rate of A.
thaliana and S. parvula seedlings under [D] freezing stress, [E] chilling stress, and [F] heat
stress. Five-day-old seedlings were subjected to temperature treatments and data were
recorded 5 days after recovery. Asterisks indicate significant difference (p ≤ 0.05) between
the treated samples and their respective control samples (student’s t-test). Data are mean ±
SD (n = 4). Each replicate plate contained 3-6 plants. Open circles indicate the biological
replicates.
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Discussion
Plants are known for their remarkable capacity to tolerate environmental stresses and
ability to modulate growth even to the extent of pausing growth entirely. This plasticity in
response to various environmental stresses is observed in all plants, but as shown in the current
study, extremophytes such as S. parvula exhibit a much higher tolerance to stress than
mesophytes, which include most crops and A. thaliana (Flowers and Colmer, 2008; Kazachkova
et al., 2018). Halophytes represent only about 0.4% of all flowering plants and about 40% of all
halophytes including S. parvula can withstand salt stress at concentrations similar to seawater
(Kotula et al., 2020). At high salinities, most plants respond to salt stress by inhibiting growth to
prioritize survival as a tradeoff (Santiago‐Rosario et al., 2021). Nevertheless, the extremophyte
model S. parvula provides a genetic system to discover adaptive traits that do not show a
growth compromise at salt concentrations that are known to be lethal to most crops and A.
thaliana (Oh et al., 2014). The defining traits of S. parvula as an extremophyte should reflect
the environmental constraints that have shaped its phenotype and collectively made it distinct
from other more stress-sensitive annuals in Brassicaceae, including A. thaliana. When we
summarized S. parvula physiological and structural traits that changed at a developmental
stage-specific and tissue-specific scale in response to salt stress, several traits emerged as
significant features induced under salt stress compared to their non-stressed control group
(Figure 3.22A). Among them, the higher number of siliques produced during salt-induced early
flowering, expansion of xylem vessel elements, and increased leaf thickness provide the
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greatest contribution to the total plastic or inducible trait space (Figure 3.22B and C).

Figure 3.22. Summary of salt-induced structural and physiological traits in Schrenkiella
parvula. [A] Salt- induced changes in traits quantified in the current study. Changes in
each trait were calculated as the fold change between treatment and control
measurements. Traits highlighted in the red boxes showed significant differences (p <
0.05) under salt treatments compared to the control determined in previous assays (Fig
2-7). [B] and [C] PCA biplot of traits quantified for S. parvula under control and salttreated conditions. Arrows indicate directions of loadings for each trait and are colorcoded by contribution to the variations in PC1 and PC2. [B] Anatomical traits quantified:
LT, leaf thickness; MT, midrib thickness; XS, stem xylem to stem area; SVA, average area
per vessel in stems; CbS, cambium to stem area; CtS, cortex to stem area; XR, root xylem
to root area; RVA, average area per vessel in roots; VN, number of vessels across the root
diameter; AS, air space to root area; YRA, young root area; CT, cortical thickness; YRD,
root diameter in young roots; DRH, distance from root tip to first root hair. [C]
Physiological traits quantified: AbS, abaxial stomatal density; adS, Adaxial stomatal
density; LA, leaf area; SLA, silique area; SA, seed area; PRL, primary root length; LRD,
lateral root density; RWC, relative water content; CA, CO2 assimilation; SC, stomatal
conductance; RHL, root hair length; NF, number of flowers; NS, number of siliques. DAT,
days
afteraccelerates
treatment;reproduction
DAP, days after
planting.
Salt
stress
thereby
contributing to maximizing fitness of S. parvula
Salinity delays flowering in most plants (Lutts et al., 1995; Cho et al., 2017). For example,
high salinity (≥100 mM NaCl) delays or inhibits the transition from vegetative to reproductive
48

growth in A. thaliana (Ryu et al., 2014). Delayed flowering ensures survival under salt stress
supported by multiple genetic mechanisms. These pathways include transcription factors that
inhibit flowering and are also induced by salt (Cho et al., 2017). However, a few plants possess
alternative strategies whereby flowering is accelerated in response to salt stress (Ventura et al.,
2014). Additionally, molecular pathways operating antagonistically to salt-induced delayed
flowering have been described for A. thaliana (Yu et al., 2018). This apparent strategy would
facilitate reproduction and improve fitness by allowing escape from harsh environments,
especially for ruderal or annual plants growing in habitats that become warmer, drier, and
more saline (due to increased surface evaporation) towards the end of their growing season.
Salt-induced flowering observed for S. parvula suggests that such an alternative strategy was
selected as the dominant trait to maximize its fitness in its native habitat exemplified by the
Lake Tuz ecotype used in our current study (Figures 3.17 and 3.18) over the more common trait
of salt-induced delay in flowering observed for many other plants (Cho et al., 2017).
Compared to favorable growth conditions, environmental stresses increase the
opportunity for selection. Previous studies have demonstrated that phenotypic selection favors
stress-avoidance traits, including earlier ﬂowering, in addition to stress-tolerance traits. This
results in an evolutionary shift toward earlier ﬂowering despite the prevalent trait observed for
model and crop plants to delay flowering when exposed to salt (Stanton et al., 2000; Ventura et
al., 2014). Stanton et al., (2000) further showed that, among multiple environmental stresses
tested for their effects on evolutionary selection in wild mustard, Sinapis arvensis (a ruderal
annual in Brassicaceae), the potential for selection was greatest for high salt stress and low
light. Schrenkiella parvula is native to the variable shoreline habitats of saline lakes of the Irano49

Turanian region where it is often a ruderal plant growing in frequently inundated saline soils
(Tug et al., 2019). Therefore, salt stress is the norm for S. parvula and over a multi-generational
time scale, salt stress is expected to provide a constant selection pressure.
When we examined salt-responsive traits throughout the lifecycle of S. parvula, an
increased number of siliques produced due to salt-induced early flowering had the largest foldchange among other salt-induced traits that differentiated the response between control and
salt-treated growth (Figure 3.22C). Early flowering established an earlier seed set and the
opportunity to produce viable seeds at an earlier developmental age in the salt treated plants
compared to control plants (Figure 3.17). However, this was a plastic trait not necessarily
imparting higher fitness when assessed based on overall fecundity during a longer growth
period. When control and salt-treated plants were grown for over 2 months, the control plants
displayed longer vegetative growth phases subsequently leading to higher fecundity in S.
parvula. These results suggest that salt-induced flowering has evolved as a mechanism of stress
avoidance rather than stress tolerance in a habitat where the severity of environmental
stresses increase as the growing season continues (Figure 3.21).
A key morphological feature contributing to the transient advantage of salt-mediated
early flowering in S. parvula, was the plastic response observed for filament elongation that
was enhanced by salt (Figures 3.17D and 3.18). Filament elongation is an important trait for
successful fertilization in self-pollinating plants such as S. parvula and A. thaliana. However,
whereas salt stress terminally inhibits A. thaliana gamete formation and leads to abortion of
flowers and seeds (Sun et al., 2005; Figure 3.17), filament elongation and production of viable
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seeds were not inhibited by salt in S. parvula. This finding indicates that S. parvula has evolved
to decouple the regulatory pathways that sense salt and inhibit stamen growth.
Salt stress-induced xylem vessel expansion across the root-shoot continuum could contribute
to the salt resilient growth of Schrenkiella parvula
Selection on vessel diameter favors narrower vessels to minimize the risk of cavitation
independently of ancestry or habitat for a wide range of angiosperms from rainforests to
deserts (Olson and Rosell, 2013). Furthermore, the effect of salt stress on xylem development
within a species often leads to narrower vessels (Junghans et al., 2006; Cruz et al., 2019). Our
results suggest an alternative strategy for S. parvula where we observed an increase in both
shoot and root xylem vessel area in plants exposed to long-term salt stress (given via 150 mM
NaCl) (Figures 3.7 and 3.9). The salt-mediated expansion of xylem tissue in S. parvula was the
second-most highly induced trait that responded by a higher fold change between control and
salt-treated plants (Figure 3.22). This adaptive feature likely allows a higher bulk flow through
the xylem to help S. parvula leaves maintain a cooler temperature while allowing
uncompromised gas exchange compared to A. thaliana grown under saline conditions (Figure
3.12), despite the tradeoff of a higher risk of cavitation. Salt-induced increases to xylem
diameter correlated to maintaining growth under salt stress has been reported for a few
extremophytes (e.g. Nitraria retusa and Atriplex halimus) adapted to extreme salinities above
seawater strength, but is not a common trait associated with halophytes (Boughalleb et al.,
2009). The expansion of xylem area without the expansion of root or stem area that we
observed as a salt responsive trait in S. parvula (Figure 3.7) is an atypical adaptation among
plants resilient to salt stress (Olson and Rosell, 2013). S. parvula seems to optimize effective use
of water instead of simply reducing water loss at high salinities (Figures 3.12F and 3.14).
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Prioritizing effective water use has been proposed to be a better strategy for plant growth
during water deficit stress than maximizing water conservation at the expense of
photosynthetic capacity (Blum, 2009). This finding has implications for agriculture. If the
availability of water can be ensured in agricultural systems even if the water source is brackish,
the crops that are able to maintain relative water content (as observed for S. parvula in Figure
3.12), while allowing uncompromised transpiration and gas exchange, will be more resilient to
environmental stresses.
Adjustments to shoot architecture modulation follows root responses to cope with salt stress
Schrenkiella parvula root growth and development was less affected by increasing salt
concentrations than in A. thaliana. Schrenkiella parvula primary root length increased while
root fresh weight was only maintained under high salt conditions (Figures 3.2, 3.3 and 3.5),
suggesting that salt causes a reallocation of resources toward deeper roots. This is also
supported by the reduction in root hair length, total lateral root length and number (Figures 3.2
and 3.3). Given the natural environment in which the S. parvula ecotype Lake Tuz grows, the
top layers of soil will dry first, causing the soil salt concentration to form a high to low gradient
from topsoil to deeper layers in the rhizosphere (Tug et al., 2019). Thus, S. parvula can avoid
relatively higher salinities by growing deeper to lower salt concentrations. The growth strategy
exemplified by S. parvula is correlated with uncompromised growth dependent on modulating
root to shoot vasculature and seemed to be efficiently coupled with leaf traits in S. parvula.
Even though saline soils directly affect roots, its effects are also observed in shoots. If roots
grow continuously in saline media, salts are often deposited in leaves. As plants age, saltadapted plants either need to store salts in leaves and shed those whose capacity to hold
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excess salt is reached, or extrude excess salt via salt glands (Jennings, 1968). Schrenkiella
parvula uses the first strategy by developing succulent leaves that are equipped with larger
vacuoles which support salt sequestration. This trait appears to be facilitated by shifting the leaf
cell population from a dominant diploid state to higher ploidy levels during prolonged salt
stress (Figure 3.9). Indeed, the increase in leaf thickness, along with larger leaf area, was among
the top traits with highest salt-induced fold-changes in S. parvula (Figure 3.22). Developing
larger cells that can store excess salts within larger vacuoles enabled by endoreduplication has
been reported for several other salt adapted extremophytes. It was proposed to be a key
mechanism for surviving environmental stress (De Rocher et al., 1990; Barkla et al., 2018), while
leaf succulence is one of the most common traits observed in halophytes (Jennings, 1968;
Flowers and Colmer, 2008).
To maximize storage capacity via increasing the leaf surface area to volume, leaves are
generally more terete in many extremophytes that have fully developed succulent leaves. This
trait is often accompanied by the loss of leaf abaxial identity whereby the leaves become
adaxialized (Ogburn and Edwards, 2013). Multiple genetic networks regulated by adaxially
expressed HD-ZIPIII transcription factors have been shown to control leaf polarity (Du et al.,
2018). Schrenkiella parvula leaves tend to acquire a more terete state with prolonged exposure
to salt (Figure 3.11B). This phenotypic change is coincident with S. parvula leaves exhibiting
reduced differentiation between adaxial and abaxial surfaces as leaf thickness increases with
higher salt concentrations and a clear palisade layer at the adaxial surface is not present.
However, this structural alteration does not affect the relative water content nor cause leaf
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curling or other visibly malformed vascular structures, as seen in adaxialized leaves of A.
thaliana mutants (Figures 3.9, 3.12, and 3.11) (Du et al., 2018).
Schrenkiella parvula leaves are amphistomatous (possess stomata on the upper and
lower leaf surfaces), in contrast to the A. thaliana leaves, which have more stomata on the
abaxial surface (hyposomatous) (Figure 3.12B). Amphistomatous leaves are relatively rare in
angiosperms (Drake et al., 2019) but in such leaves, the distance between stomata and the
mesophyll is reduced allowing greater water-use efficiency due to increased CO2 conductance
in the mesophyll thereby facilitating a higher relative photosynthesis rate (de Boer et al., 2016).
Therefore, amphistomatous leaves are found in highly productive fast-growing herbs. However,
when this trait is found in extremophytes such as S. parvula with trichomeless leaves arranged
mostly with vertical leaf angles (Fig 1), it adds a tradeoff for water loss through transpiration as
well as higher exposure to solar heat (Drake et al., 2019). Drake et al. (2019) hypothesized that
to avoid desiccation in thick amphistomatous leaves, vein length per unit leaf area must be
larger than in hypostomatous leaves of the same thickness. This anatomy would need to be
accompanied by additional traits to facilitate an increase in transpirational flow via xylem
development from root to shoot if leaf thickness increases as a response to salt stress.
Additionally, having mostly vertical leaf angles with thick amphistomatous leaves is considered
a key adaptive trait to reduce the effect of thermal radiation around midday while maximizing
photosynthesis in the morning and late afternoon thereby lowering the risks of desiccation
(King, 1997). Further, traits known to have evolved under shade avoidance such as internode
elongation seems to be exapted in S. parvula, most likely to enhance transpirational cooling
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selected under environments that demand rapid growth amidst extreme environmental
constraints (Pierik and Testerink, 2014).
Moderate to high salt is a persistent edaphic factor in the natural habitat of S. parvula
(Tug et al., 2019). Such an environment would have selected for multiple traits that act
synergistically to create an efficient lifestyle to survive stress. However, unlike many slowgrowing extremophytes, S. parvula shows fast growth achieved with short life cycles, while
enduring multiple environmental stresses. Often environmental stress resilience comes at the
cost of yield reduction in crops and the drive for increasing yields has been prioritized over the
need to develop resilient crops (Pardo and VanBuren, 2021). Increasing threats to global
agriculture due to climate change necessitate a change in our priorities for crop development
(IPCC, 2021). Schrenkiella parvula provides an excellent genetic model system that illustrates
growth optimization over growth inhibition to cope with environmental stresses that we can
explore to find innovative genetic architectures suitable and transferable to develop resilient
crops.
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CHAPTER 4. MULTIPLE PATHS LEAD TO SALT TOLERANCE: PRE-ADAPTATION VS
DYNAMIC RESPONSES FROM TWO CLOSELY RELATED EXTREMOPHYTES
Introduction
Plants differ greatly in their tolerance to salt stress and there is a metabolic cost for
adaptation to salt stress, reflected by differences in growth and yield when grown in high saline
soils (Santiago‐Rosario et al., 2021; Flowers et al., 2015). Only ~2 % of angiosperms are adapted
to grow in high saline environments while the remaining 98 %, including most crop plants, are
highly sensitive to salt stress (Flowers and Colmer, 2008; Hajiboland et al., 2018). Previous
studies have largely used salt-sensitive model plants or crops to understand genetic
mechanisms underlying salt tolerance. Insight gained from examining the molecular processes
in salt tolerant extremophytes contrasted to a salt-sensitive model offers a promising prospect
to discover tolerance mechanisms that are absent in the salt-sensitive plants and proven to be
evolutionary successful against salt stress.
Schrenkiella parvula and Eutrema salsugineum (Brassicaceae) are two extremophyte
models with foundational genomic resources made available. They are also closely related to
Arabidopsis thaliana making it feasible to readily deduce orthologous relationships among the
three models (Dassanayake et al., 2011; Wu et al., 2012). These extremophytes, currently used
as leading models to investigate genetic mechanisms underlying salt stress adaptation
(Kazachkova et al., 2018), show salt resilient growth even at salinities reaching seawater
strengths (Inan et al., 2004; Orsini et al., 2010; Kazachkova et al., 2018). While S. parvula is
found near salt lakes in the Irano-Turanian region (Hajiboland et al., 2018; Tug et al., 2019), E.
salsugineum has a wider distribution from coastal to inland saline fields in the northern
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temperate to sub-arctic regions including the United States, Canada, Russia, and China (Lee et
al., 2016). Despite multiple studies highlighting some of the metabolomic and transcriptomic
responses of the extremophytes to salt stress (Gong et al., 2005; Kazachkova et al., 2013; Oh et
al., 2014; Lee et al., 2016; Prerostova et al., 2017), molecular phenotypes determining how both
extremophytes have convergently achieved salt adapted growth unlike their salt stresssensitive relative, A. thaliana have not been explored.
Excess salt exerts cellular stress as osmotic, oxidative, ionic, and water-deficit stresses
(Pantha and Dassanayake, 2020; van Zelm et al., 2020; Zhao et al., 2020). Multiple genetic
mechanisms mediated by ABA as well as non-ABA dependent pathways have been shown to
modulate salt stress responses in A. thaliana, all major crops, and selected halophytes
(Takahashi and Shinozaki, 2019; Takahashi et al., 2020; Zhao et al., 2020). These studies
collectively support the view that salt stress-adapted plants will show a highly coordinated
response to survive salt stress that requires synergistic coordination between root and shoot
responses. Despite the complexity of adapting to salt stress at the whole plant level, multiple
angiosperm lineages have evolved this complex trait repeatedly (Flowers et al., 2010; Bennett
et al., 2013). Therefore, it is one of the main complex traits studied for convergent evolution in
plants. Even if a large body of work exist to identify many of the individual cellular, molecular,
or physiological responses in selected tissues that contribute to salt stress adaptations, we still
have a large gap in understanding how a common set of orthologs from a closely related group
of plants selectively modulate salt stress adaptations at a cellular level (Isayenkov and
Maathuis, 2019) and which pathways are synergistically used to achieve salt stress adaptation
facilitating stress resilient growth in extremophytes.
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In this study, we used a combined transcriptomic, ionomic, and metabolomic
experimental design to investigate the coordinated cellular responses of S. parvula, E.
salsugineum, and A. thaliana to salt treatments in root and shoot tissues. We examined the
coordination of multiple genetic pathways used by the three models at different salt stress
intensities. We identified preadapted responses mostly at the metabolome level for E.
salsugineum while S. parvula showed more stress-preparedness at the transcriptome level.
Additionally, both extremophyte showed molecular phenotypes suggesting induction of
complementary cellular processes that used core pathways present in all plants, but with
modifications to those in ways that optimized balance between stress tolerance and growth.
Materials and methods
Plant growth and treatments
Schrenkiella parvula (ecotype Lake Tuz, Turkey; Arabidopsis Biological Resource
Center/ABRC germplasm CS22663), Eutrema salsugineum (ecotype Shandong, China; ABRC
germplasm CS22504), and Arabidopsis thaliana (ecotype Col-0) seeds were surface-sterilized
and stratified at 4 °C for 7 days (for A. thaliana and S. parvula) or 14 days (for E. salsugineum).
Stratified seeds were germinated and grown in a hydroponic system as described by Conn et al.,
(2013) for transcriptomic, ionomic, and metabolomic experiments (Figure 4.1B). The plants
were grown in aerated 1/5x strength Hoagland’s solution in a growth cabinet set to 22-23 °C,
photosynthetic photon flux density at 80-120 mM m-2s-1, and a 12 hr light / 12 hr dark cycle.
Fresh Hoagland’s solution was replaced every two weeks. Four-week-old plants were randomly
placed in 1/5x strength Hoagland’s solution with and without NaCl and incubated for indicated
duration in each experiment.
58

Root growth analysis
Five-day old seedlings were transferred to 1/4x MS plates supplied with 150 mM NaCl.
Root growth was recorded every two days for one week. Control and treated plates were
scanned and analyzed using ImageJ (Schneider et al., 2012) to quantify primary root length and
number of lateral roots. Three biological replicates were used with 7 seedlings per replicate
from each species.
Elemental analysis
Elemental quantification was conducted for Na, K, Ca, P, S, Mg, Fe, B, Zn, Mn, Mo, Cu,
Ni, and Co using Inductively Coupled Plasma - Mass Spectrometry (ICP-MS, Elan 6000 DRCPerkinElmer SCIEX) at the US Department of Agricultural Research Service at Donald Danforth
Plant Science Center. We used dried root and shoot samples from 3-4 biological replicates from
each control and treated condition harvested at 3, and 24 hr (Figure 4.1) processed as
described in Baxter et al., (2014). Changes in element contents were calculated as the log2 fold
change of the element level in treated samples over that in control samples and visualized with
the pheatmap package in R. Significant differences between treatments within species were
determined by one-way ANOVA followed by Tukey post-hoc test using agricolae package in R
with an adjusted p-value cutoff of 0.05. Basal level of each element per species was calculated
as a % contribution from each species that added to 100% for each element, using the following
formula: Xi/ (Ati+Spi+Esi)*100 where Xi represents the abundance of element i in A. thaliana, S.
parvula and E. salsugineum, respectively. Only elements that showed significant differences in
abundance among the three species were visualized on ternary diagrams using ggtern R.
Metabolite analysis
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Untargeted high throughput metabolite profiling was conducted using gas
chromatography-mass spectrometry (GC-MS) service at the West Coast Metabolomics Center,
University of California Davis. Root and shoot samples in 4 biological replicates were harvested
at 24, and 72 hr (Figure 4.1B), flash frozen in liquid N2, and processed as described in Fiehn
(2017) and quantified as described in Pantha et al., (2021).
Pearson correlation coefficients per each test condition were calculated between
species using normalized metabolite abundances. Significant differences in metabolite
abundances across treatments within species (differently abundant metabolites, DAMs) was
determined by one-way ANOVA followed by Tukey post-hoc test using an agricolae package in R
with an adjusted p-value cutoff of 0.05. Structurally annotated (known) metabolites were
further categorized into functional groups according to the refmet database
(https://www.metabolomicsworkbench.org/databases/refmet/index.php) and Kyoto
Encyclopedia of Genes and Genomes (KEGG). Metabolites were clustered into amino acids,
sugars, nucleic acids, and other organic acids. Derivatives or precursors of those were included
in the same metabolite category if those individual metabolites were found to be within three
steps of the main metabolite category identified in a KEGG pathway (Table S2). Basal level of
each metabolite per species was calculated as a % contribution from each species that added to
100% for each metabolite similar to the elemental basal level calculation described earlier.
Metabolites that showed significant differences in abundance at basal level or under salt
treatments at least in one species were used for K-mean clustering (k= 9) (Mannor et al., 2011).
The metabolite profiles across samples were done using hierarchical clustering function in
pheatmap package.
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Orthologous group identification
Ortholog groups were identified using S. parvula gene models version 2.2
(https://phytozome-next.jgi.doe.gov/); A. thaliana gene models version 10 (TAIR10)
(https://www.arabidopsis.org/download/), and E. salsugineum gene models (Wu et al., 2012)
which were updated based on reference-guided transcripte assembly using hisat2 (version
2.0.1)-stringtie (version 1.2.1) pipeline (Pertea et al., 2015; Pertea et al., 2016) and RNA-seq
reads from this study. The updated gene models for Eutrema salsugineum and Schrenkiella
parvula are available at www.lsugenomics.org. The ortholog gene pairs between species were
identified by reciprocal blastp with default parameters and an e-value cutoff of 1E-5. The blastp
results were filtered using a custom python script to select the best High-scoring Segment Pair
(HSPs) to ensure only unique query-subject pairs were retained. Pairs with an alignment
coverage smaller than 50% of the query or the subject were removed. The ortholog-pair list
included only non-redundant pairs with the highest bit score optimized for highest % coverage,
and % identity. Ortholog pairs were additionally filtered to exclude any orthologs that had a
more than ± 30 % length difference in the coding sequence between the two sequences. A total
of 16,591 one-to-one ortholog groups were identified among the three species and used for all
downstream analyses (Table S3).
Gene expression profiling and analysis
Total RNA was extracted from control and treated samples at 3 and 24 hr with three
biological replicates (Figure 4.1) using Qiagen RNeasy Plant Mini kit, with an on-column DNase
treatment. mRNA enriched samples were converted to libraries using True-Seq stranded
RNAseq Sample Prep kit (Illumina, San Diego, CA, USA),multiplexed, and sequenced on a
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HiSeq4000 (Illumina) platform at the Roy K. Carver Biotechnology Center, University of Illinois
at Urbana-Champaign. A minimum of >15 million 50-nucleotide single-end reads per sample
were sequenced for a total of 138 RNAseq samples.
After quality checks, the reads were mapped to reference transcript model sequences of
gene models in each species (described earlier) using Bowtie (Langmead and Slazberg, 2013)
with -m 1 --best -n 1 -l 50. A custom python script was used to count uniquely mapped reads for
each gene model. Differentially expressed genes (DEGs) across treatments within each species
were identified using DESeq2 (Love et al., 2014). Genes with an adjusted p-value ≤ 0.01 were
further filtered using the following criteria: 1) |log2 fold change| ≥ 1 or 2) |log2 fold change| ≥
0.5 if normalized mean expression across samples ≥ 100. Genes that passed these filters were
considered as DEGs. Reads per kilobase per million reads (RPKM) were calculated for each gene
from the raw read counts for all samples. These RPKM values were log2-transformed and
median-normalized when used in PCA-UMAP (McInnes et al., 2018) and for co-expression
cluster determinations. Co-expression clusters were done using fuzzy K-mean clustering with a
membership cutoff ≥ 0.4 and log2 fold change clustering. Log2 fold changes were computed for
all ortholog groups (OGs) from three species, used to calculate Pearson correlation coefficients
when comparing transcriptome profiles between species/samples, and were visualized with
ggplot2 in R. Ortholog groups where at least one of the genes in the group was identified as a
DEG in any species under any stress condition was considered to be a differentially expressed
ortholog group (DEOG).
To compare the basal expression levels of orthologs among species, we generated a raw
count matrix based on reads uniquely mapped to coding sequences (CDS) for the 16,591
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orthologs from control samples. Orthologs that are differently expressed between any two of
the three species were identified using DESeq2 at an adjusted p-value ≤ 0.001 in a pairwise
manner. We next assigned the expression of each gene within any given OG as High (H),
Medium (M), and Low (L) based on their relative expression level resulting in 12 clusters. The
six largest clusters in both roots and shoots highlighted the expression difference in one species
compared to the other two species. OGs were assigned to these clusters represented by HLH,
LHL, HHL, LLH, LHH, and HLL (expression profiles). Each expression profile was then subjected to
functional gene enrichment analysis.
BiNGO (Maere et al., 2005) was used to identify Gene Ontology (GO) terms enriched in
selected DEGs and DEOGs from shoots and roots. To reduce the redundancy between enriched
GO terms, we further grouped these GO terms into GO clusters using GOMCL (Wang et al.,
2020) with settings for -Ct 0.5 -I 1.5 -Sig 0.05 -hm -nw -hgt -d -gosize 3500 -gotype BP. Subclustering of selected clusters was performed using GOMCL-sub with the same parameters.
OrthNets for selected genes were generated using the CLfinder-OrthNet pipeline with the
reciprocal blastp results as input using default OrthNet settings (Oh and Dassanayake, 2019),
and visualized in Cytoscape.
Curated gene sets for primary metabolism, hormone signaling, root development, and
transporter functions
DEOGs and OGs that showed significant differences at basal level/control condition or
under treatments were mapped to the KEGG pathways associated with primary metabolism,
hormone regulation, or root development. Log2 fold changes were computed for all selected
OGs and visualized with pheatmap in R. Genes involved in root development were identified
from Gene Ontology annotations, GO:0048527 for lateral root development and GO:0080022
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for primary root development. Genes coding for transport functions associated with K/Na
transport were mined from Araport 11. To assess the correlation between changes at the
transcriptomic level and the metabolic level, we calculated the percentage of DEGs and
differently abundant metabolites (DAMs) in each species at early (3 hr for transcriptome and 24
hr for metabolome) and late (24 hr for transcriptome and 72 hr for metabolome) response to
salt. Percent DEGs was calculated by dividing the number of DEGs by the total number of
expressed genes (RPKM ≥ 1) in each species. Similarly, the percent DAMs was calculated by
dividing the number of DAMs by the total number of quantified metabolites within a species.
We extracted DEGs and DAMs related to amino acid and sugar metabolism based on GO
(GO:0006520 for amino acid metabolism and GO:0005975 for carbohydrate metabolism). The
count of DEGs and DAMs were separately normalized to the total number of genes and
metabolites in each of the two categories.
Data availability
All Illumina sequence data are deposited at National Center for Biotechnology
Information BioProject PRJNA63667. Mapped RNAseq data can be browsed using genome
browsers created for Schrenkiella parvula and Eutrema salsugineum at www.lsugenomics.org.
Results
Previous studies using either S. parvula or E. salsugineum in a comparative study with A.
thaliana have successfully used 150 mM NaCl to elicit salt stress responses in the extremophyte
while avoiding induction of immediate tissue necrosis in A. thaliana in the short-term
(Kazachkova et al., 2018). We grew S. parvula, E. salsugineum, and A. thaliana hydroponically
for 28 days, added NaCl to the growth medium (Figure 4.1A). Arabidopsis thaliana did not show
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severe stress symptoms until four days of exposure to salt. Therefore, in our comparative
system with three species, we decided to capture the short-term effects of salt at 0, 3, 24, and

Figure 4.1. Effect of salt stress on phenotype of Schrenkiella parvula (Sp), Eutrema
salsugineum (Es) and Arabidopsis thaliana (At). [A] Four-week-old hydroponic grown plants
were treated with indicated salt concentrations. [B] Experimental design and sample
scheme. There were at least 4 replicates used for ionomic and metabolomic profiling, and 3
replicates for transcriptomic profiling with at least 4 plants per replicate.
72 hr durations with 150 mM NaCl to include timepoints that would precede the onset of stress
phenotypes. Additionally, 250 mM NaCl was used to further deduce salt stress responses
induced in the extremophytes. We used the initial three timepoints to detect immediate
responses of the ionome and the transcriptome to salt and used 0 hr and the latter two
timepoints to detect the subsequent metabolome level changes (Figure 4.1B).
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High tissue tolerance to Na accumulation vs limiting Na accumulation in tissues
All three species accumulated salt as the duration of the treatment or the concentration
of NaCl increased. Arabidopsis thaliana accumulated Na in shoots much more than in roots but
did not limit Na accumulation in roots compared to S. parvula (Figure 4.2A). Arabidopsis
thaliana shoots showed a 19-fold increase of Na compared to control within 24 hr. Tissue
accumulation of Na was remarkably low in both roots and shoots of S. parvula compared to the
other two species. Interestingly, E. salsugineum allowed high Na accumulation in both roots
and shoots compared to S. parvula and at levels similar to those observed for A. thaliana roots
under salt stress (Figure 4.2A). This suggests that S. parvula limited total Na accumulation in
tissues while E. salsugineum showed high tissue tolerance to Na accumulation, a trend
maintained for 250 mM NaCl treatments in extremophytes (Figure 4.2A). High Na levels
interfere with K and other nutrient uptake in plants (Munns and Tester, 2008). We examined
whether Na accumulation triggered nutrient imbalance in any of the test species, by quantifying
the abundance of 13 plant nutrients during salt stress treatments. The K level significantly
dropped within 3 hr in A. thaliana roots but did not change in the extremophytes regardless of
the duration and intensity of the Na+ treatments (Figure 4.2B). In shoots, we did not observe
any significant changes in K levels by salt stress treatments in any of the three species. When
we examined the elemental profiles that include all quantified nutrients, we found that shoots
exhibited minimal changes in all three species in response to salt stress (Figure 4.2C).
Intriguingly, A. thaliana roots showed significant depletion of 6 out of 13 nutrients under salt
treatments whereas both extremophytes showed minimal nutrient disturbances (Figure 4.2C
and Table 4.1). We then examined nutrient compositions in the control samples (basal levels)
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Figure 4.2. Sodium accumulation and its effect on nutrient balance in the extremophytes
compared to A. thaliana. [A] Na+ and [B] K+ content in roots and shoots. Data are mean ± SD
(n ≥ 4, at least 4 plants per replicate). Asterisks indicate significant differences (p ≤ 0.05)
between the treated samples and their respective control samples, determined by Student's
t-test. Open circles indicate the biological replicates. [C] Macro- and micro-nutrient fold
changes between treated and its respective control sample. [D] Percent abundance of
nutrients that were significantly different at basal levels among the three species. The three
axes of the ternary plots are marked with A. thaliana, S. parvula, and E. salsugineum. The
gridlines in species designated colors point to the relevant % abundance of the element in
each axis. Significant difference in elemental abundance was determined by one-way
ANOVA with post-hoc Tukey’s test at p ≤ 0.05.
to identify if any nutrient was preferentially enriched in any of the species (Figure 4.2D and
Table 4.1). Notably, Ca and Mg, which are known to aid in selectivity of Non-Selective Cation
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Channels (NSCCs) for K over Na in plants (Shabala et al., 2006), and B were found at higher basal
levels in S. parvula roots compared to other species. Similarly, Cu and Co were high in E.
salsugineum whereas Fe, P, K, and Mo were high in A. thaliana.
Primary metabolite pools decreased from high basal levels in E. salsugineum but increased
from low basal levels in S. parvula upon salt treatments
Salt stress requires metabolic adjustments in plants (Pantha and Dassanayake, 2020).
Therefore, we examined whether the extremophytes showed similar metabolic adjustment
strategies that were distinct from the salt-sensitive A. thaliana when treated with salt. We
quantified a total of 716 metabolites using GC-MS for each species (see Methods), of which 182
with known specific structures were referred to as “known metabolites'' while the remaining
were collectively referred to as “unknown metabolites'' in this study (Table S2). The overall
quantified metabolite pool in roots showed a relatively strong correlation in metabolite
abundance between selected pairwise comparisons resulting in two distinct trends (Figure
4.3A). First, the highest pairwise correlation was detected between the control groups of S.
parvula and A. thaliana which decreased with time as the duration of salt treatment increased
(Figure 4.3A, upper panel). Second, S. parvula and E. salsugineum profiles were moderately
correlated at control conditions, but as both species were treated with salt, the correlation
became stronger indicating that the majority of metabolites in the extremophytes adjusted to
similar levels in the roots in response to salt treatment. This trend was observed at a shorter
duration of salt treatment at 24 hr when the NaCl concentration was higher at 250 mM (Fig. 2A,
lower panel). In contrast to roots, the shoot metabolomes of S. parvula and E. salsugineum
remained divergent following salt treatment (Figure 4.4A).
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Figure 4.3. Overall metabolic preparedness and adjustments in the roots of the
extremophytes compared to A. thaliana. [A] Pairwise correlation of 716 quantified
metabolites(182 known, and 534 unknown) across all conditions and species. Correlation
calculated using Pearson correlation coefficients. [B] Total number of metabolites that
significantly changed in abundance in each species compared to its respective control
sample. Known metabolite numbers given in parenthesis. [C] Basal level metabolite
abundances in all three species for sugars, amino acids, and their derivatives. [D]
Hierarchical clustering of known metabolites shown in [C]. Blue boxes highlight the patterns
of interest. Treatment concentrations are 150 and 250 mM NaCl; Treatment durations are
24 and 72 hr. Significant differences were determined by one-way ANOVA with post-hoc
Tukey’s test at p ≤ 0.05 (n = 4, at least 4 plants per replicate).
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Figure 4.4. Overall shoot metabolite responses in the extremophytes compared to A.
thaliana. [A] Pairwise correlation of 725 quantified metabolites across all conditions and
species. Correlation calculated using Pearson correlation coefficients. [B] Total number of
metabolites that significantly changed in abundance in each species compared to its
respective control sample. Known metabolite numbers given in parenthesis. [C] Basal level
metabolite abundances in all three species for sugars, amino acids, and their derivatives..
Significant differences were determined by one-way ANOVA with post-hoc Tukey’s test at p
≤ 0.05 (n = 4, at least 4 plants per replicate).
We also found distinct patterns in the direction of salt responses among species. Under
salt treatments, metabolite abundances in both A. thaliana and E. salsugineum roots largely
decreased while S. parvula increased metabolite abundances (Figure 4.3B). This trend for S.
parvula was not upheld in shoots, where all three species predominantly decreased in
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metabolite abundances (Figure 4.4B). We next examined if the dynamically changing
metabolites were categorically associated with sugars and amino acids often known for their
roles as organic osmolytes (Slama et al., 2015). Figure 4.3C shows percent abundance among
the three species at control levels in roots, for all sugars, amino acids, and their immediate
derivatives (see Methods) quantified in our study that showed significant difference at basal
level abundance. Even before the salt treatment, E. salsugineum had accumulated much higher
levels for most of these metabolites than the other species. For instance, the percent
abundance of sucrose in E. salsugineum accounted for 98.6 % of the combined sucrose
abundance in the roots of all three species (Figure 4.3C) and this was 155- and 131-fold higher
than that in A. thaliana, and S. parvula, respectively (Table S2). Similarly, glucose, raffinose, and
fructose sugars and proline were much higher in E. salsugineum compared to the other species
(Figures 4.3C and Table S2).
We then tested the possibility of one extremophyte maintaining a higher basal
abundance for key metabolites associated with osmoregulation while the other extremophyte
actively induced those under salt stress, eventually converging to a metabolic status distinct
from that of A. thaliana under salt stress, as we observed in Figure 4.3A. We clustered the
profiles of all 146 known metabolites that changed abundance significantly differently at basal
level or in at least one stress condition from roots of all three species (Figure 4.3D). Two readily
identifiable clusters emerged (boxes outlined in Figure 4.3D), composed of metabolites that
showed lower abundances in A. thaliana and S. parvula at the control condition compared to E.
salsugineum, but increased in abundance exclusively in S. parvula upon prolonged salt
treatment, to the high level constitutively found in E. salsugineum. These clusters were
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enriched in metabolites known for their role as osmoprotectants or antioxidants (Slama et al.,
2015), including sucrose, fructose, glucose, GABA, proline, and dehydroascorbic acid (full list in
Table S3). These results indicate a basal level metabolic “preparedness” in E. salsugineum roots
compared to active induction of many osmoprotectants and antioxidants in S. parvula when
responding to salt treatments. On the other hand, A. thaliana lacks neither a preadapted- nor
dynamic-strategy found in the two extremophytes.
A. thaliana showed stronger transcriptomic responses compared to the extremophytes
during salt stress
Previous studies have reported that nearly 20 % of the A. thaliana transcriptome
responds to salt stress (Gong et al., 2005; Oh et al., 2014). We tested if the transcriptomic salt
responses from A. thaliana aligned more with either extremophyte or if the extremophytes
showed a largely overlapping response that were distinguished from A. thaliana. The overall
root and shoot transcriptome profiles were grouped into species-tissue clusters (Figures 4.5A,
4.6). This dominant species-level distinctions in transcript profiles were further demonstrated
with pairwise correlations of entire transcriptome profiles where none of the comparisons
showed correlations (Figure 4.6) unlike the similarities detected in metabolite profiles (Figures
4.3A and 4.4A). Among differently regulated genes (DEGs), we observed more transcripts
induced, than suppressed, by salt treatments in all three species, and the majority of the DEGs
were identified in 1-to-1 ortholog groups (OGs) (see Methods) (Figure 4.5B, Table S4). A.
thaliana showed the largest number of DEGs in response to salt stress in both roots and shoots.
The A. thaliana shoot transcriptome contained more than twice the number of DEGs than in the
root transcriptome (Figure 4.5B), despite fewer changes in the nutrient profile were observed in
the shoot than in the root (Figure 4.2C). Notably, the shoot transcriptome of A. thaliana
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Figure 4.5. Transcriptomic overview S. parvula, E. salsugineum, and A. thaliana in response
to salt. [A] Overall transcriptome clustering using one-to-one ortholog groups (OGs) in
shoots and roots from all replicates in all conditions. [B] Number of differently expressed
genes (DEGs) in response to salt treatments. [C] Functionally enriched processes clustered
among OGs that included a DEG from at least one species in roots and shoots. Functional
annotations were based on GO annotations assigned to OGs. The bar graphs assigned to
each cluster represent percent allocation of induced and suppressed DEGs with the number
of genes that did not significantly change in each species given in the white space between
induced (red) and suppressed (blue) bars. [D] Dominant gene expression clusters of
orthologs across time points and species from roots and shoots that included an A. thaliana
ortholog that was either induced or suppressed in response to salt. Differentially expressed
genes identified at p-adj ≤ 0.01. N= 3 (at least 4 plants per replicate).
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Figure 4.6. Transcriptomic profiles of S. parvula, E. salsugineum, and A. thaliana were
diverged in response at basal level and under salt stress. [A] roots, [B] shoots. Correlation
was calculated using log2 fold change of treated over control samples from differentially
expressed ortholog pairs which included DEGs from at least one condition in one species
using Pearson correlation coefficients. S. parvula (purple), E. salsugineum (red) and A.
thaliana (green).
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included orders of magnitude more salt-responsive DEGs than those of the extremophytes.
Table 4.1. Enriched cellular processes of ortholog groups at basal expression level clustered in shoots
and roots of S. parvula (purple), E. salsugineum, (red) and A. thaliana (green).

We next examined if transcriptomic changes in cellular homeostasis functions during
salt stress observed for A. thaliana entailed processes already maintained or induced in the
extremophytes. This search was done at two levels. First, we clustered expression of all 1-to-1
orthologs at their basal level (from control samples), filtered the clusters to show expression
patterns that differed at least in one species compared to the other two, and identified
enriched cellular processes in each cluster (Table 1). Responses associated with abiotic stress
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were among the top highly representative processes in each of these functional clusters.
Second, we investigated the changes in transcriptomic profiles during salt treatments, by
identifying functional clusters enriched among all OGs that included at least one DEG in a
species, for roots and shoots separately (Figure 4.5C and Table S5 and S6). Response to stress
formed the largest functional cluster including the most OGs in both roots and shoots (RC1 and
SC1 in Figure 4.5C), which were further sub-clustered to highlight various salt responsive
pathways mediated by auxin and ABA regulation and oxidative stress responses (Figure 4.7).
Interestingly, amino acid metabolism (RC2) and sugar metabolism (RC3) formed the next two
largest root clusters followed by transmembrane transport (RC4) and ion transport (RC5)
(Figure 4.5C). In shoots, the second and third largest functional clusters (SC2 and SC3 in Figure
4.5C) suggested cellular processes involved in plant development and growth/cell cycle, in
which the majority of the A. thaliana orthologs were notably salt-repressed. While the A.
thaliana orthologs were the most regulated among these OGs, extremophytes responded in
similar functional processes associated with abiotic stresses when treated with 250 mM NaCl
(Figure 4.8).
We have identified ortholog clusters showing salt-responsive co-expression across time
points within tissues per species. We present the two most dominant co-expression clusters in
roots and shoots (Figure 4.5D and Table S7). In roots, the largest co-expression cluster showed
A. thaliana orthologs substantially salt-induced compared to a much smaller magnitude of
induction seen in the extremophyte orthologs (Figure 4.5D- left panel). In shoots, the largest coexpression cluster included A. thaliana orthologs suppressed in response to salt while
expression of extremophyte orthologs were stable (Figure 4.5D- right panel).
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The predominant transcriptomic signature in roots supports divergent auxin-dependent root
growth during salt stress

Figure 4.7. Sub-clustering of dominant cluster - Response to stresses. Overlap and similarity
between sub-clusters determined using GO-MCL-sub and cumulative number of ortholog
groups (OGs) in [A and B] roots and [C and D] shoots sub-clusters.
In all three species, response to stress was the most representative function in roots
enriched among ortholog sets showing either different basal-level expression (Table 1) or saltresponses (Figure 4.5C) among species. The most dominant sub-functional clusters/processes
was response to hormones in all ortholog sets especially in roots (Table 1, Figure 4.7A, and
Figure 4.8 A and C). Hormonal regulation plays an important role in salt stress responses (Yu et
al., 2020). Furthermore, our comparative ortholog expression profiling suggested that
regulation of hormone signal transduction was distinct among the target species (Figures 4.9A,
4.10 and Table S8). We found that genes mediating auxin response via auxin/indole acetic acid
(Aux/IAA) repressors (Gallei et al., 2020) and the type 2C protein phosphatases (PP2Cs) that
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negatively regulate abscisic acid (ABA) signaling (Hauser et al., 2011) showed contrasting saltresponsive expression among the three species, while those of other regulatory phases in auxin
and ABA signaling together with other hormone signaling pathways largely conserved (Figures
4.9A, 4.10, and Table S8). Notably, none of the AUX/IAAs and PP2Cs showed any differential

Figure 4.8. Species dependent responses to salt treatments in Schrenkiella parvula and
Eutrema salsugineum. Differently expressed genes (DEGs) in S. parvula [A] root and [B]
shoot and E. salsugineum [C] root and [D] shoot in response to 150 and 250 mM NaCl stress
at 3 and 24 hr of treatment. Yellow highlighted data points in the Upset plots for each panel
show DEGs that were uniquely expressed at 250 mM salt treatments. Functionally enriched
processes for these selected DEGs are shown in the horizontal bar graphs given as insets
outlined in yellow for each panel. Differentially expressed genes identified at p-adj ≤ 0.01. N
= 3 (at least 4 plants per replicate).
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Figure 4.9. Root growth responses in line with gene expression mediated by auxin and ABA
in Arabidopsis thaliana, Schrenkiella parvula, and Eutrema salsugineum when treated with
salt. [A] Expression responses of auxin/indole acetic acid (Aux/IAA) repressors and type 2C
protein phosphatases (PP2Cs) that regulate auxin and ABA signaling. [B] Curated genes from
lateral root development (GO:0048527) and primary root development (GO:0080022) used
to infer root growth phenotypes based on functional genetic studies in A. thaliana.
Orthologs in the three species are indicated as high (yellow), low (blue), and
indistinguishable levels between species (no-color) assigned to relative basal expression
levels and their effect inferred with arrows (up – promote growth and down – suppress
growth). Genes associated with Auxin, ABA, and other hormones were labeled in pink, gold,
and black respectively. [C] Root growth assessment of 12-day-old seedlings in response to
150 mM NaCl treated for 7 days. Quantification of [D] primary root growth, [E] number of
lateral roots, and [F] lateral root density. Data given as mean ± SD (n = 3, at least 7 plants per
replicate). Open circles indicate the measurements from each plant. Asterisks indicate
significant differences (p ≤ 0.05) between treated samples and their respective control
samples, determined by one-way ANOVA with post-hoc Tukey’s test. [G] Gene co-expression
clusters of differentially expressed orthologs that showed similar expression pattern in A.
thaliana and E. salsugineum roots compared to a different pattern observed for S. parvula
under salt stress.
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Figure 4.10. Hormonal signaling pathways in response to salt treatment in Arabidopsis
thaliana, Schrenkiella parvula, and Eutrema salsugineum. Expression responses of genes
associated with hormonal signaling pathways obtained from KEGGs. Note that only genes
that were significantly different at either basal level condition or under salt treatments were
shown. Orthologs in the three species are indicated as high (yellow), low (blue), and
indistinguishable levels between species (no-color) assigned to relative basal expression
levels.
expression in response to salt in S. parvula while 15 out of total 24 AUX/IAAs and PP2Cs
orthologs in the two species were significantly induced when treated with salt (Figure 4.9A).
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When the basal expression was compared, 11 out of 17 E. salsugineum AUX/IAAs orthologs and
5 out of 7 S. parvula PP2Cs orthologs showed higher levels compared to their respective
orthologs in the other species (Figure 4.9A, the bottom panel, and Table S8).
Auxin and ABA suppress root elongation and lateral root initiation during salt stress in A.
thaliana (Ding and De Smet, 2013; Ding et al., 2015). Therefore, we first curated genes involved
in primary root development (GO:0080022) and lateral root development (GO:0048527) and
checked for functionally verified phenotypes associated with them that describe root growth in
A. thaliana. Then, we assigned a binary category of promoted or suppressed root growth to the
orthologs based on their basal expression levels in our target species and the genetically
verified functions of A. thaliana ortholog (see a full list of references used for the selected
genotype-phenotype associations in Table S9). We identified 35 single-copy orthologs that
showed a distinct expression level in one species compared to the other two species and
assigned their binary category on their effects on root growth, given their presumed effect on
root phenotypes (Figures 4.9B). We further mapped them to a lateral root development gene
network (modified from Banda et al., 2019; De Rybel et al., 2010 and Figure 4.11). Among the
total of 35, we found 27 orthologs in S. parvula to suggest increased primary root elongation or
suppressed lateral root initiation compared to the other species, while 23 orthologs in E.
salsugineum suggested slower primary and lateral root growth (Figure 4.9B and S7).
Contrastingly, A. thaliana showed 25 orthologs that supported its fast primary root growth and
increased lateral root number. Notably, the majority (71%) of the 35 orthologs were annotated
as auxin-responsive genes (Figure 4.9B).
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In line with the observed difference in expression of orthologs associated with root
development (Figure 4.9B), S. parvula and A. thaliana seedlings have comparable primary root
lengths at control conditions, longer than that in E. salsugineum (Figure 4.9C and D). Moreover,
S. parvula showed uncompromised primary root growth compared to E. salsugineum and A.
thaliana when treated with salt for an extended time (Figures 4.9C, D, and 4.12). S. parvula and
E. salsugineum seedlings also had fewer lateral roots compared to A. thaliana at control
conditions (Figure 4.9E). However, lateral root growth, assessed using total lateral root number
and density during a week-long salt treatment, indicated that S. parvula not only sustained

Figure 4.11. Lateral root development gene network adopted from Banda et al., 2019 and
Rybel et al., 2010. The expression levels of orthologs were annotated as high (H), medium
(M), or low (L) relative to each other at basal levels in each ortholog group. Specific paths in
the network in which S. parvula and E. salsugineum consistently regulated to inhibit lateral
root formation were highlighted in ribbons across the network in species-specific colors.
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uninterrupted root growth but also induced lateral root growth upon salt treatment, in contrast
to the responses observed for A. thaliana and E. salsugineum (Figure 4.9E, F, and 4.12).

Figure 4.12. Root growth of E. salsugineum, S. parvula and A. thaliana before and after salt
treatments. S. parvula (Sp) promoted primary root growth and reduced lateral root
formation while E. salsugineum (Es) showed slower primary root growth with reduced
lateral root number compared to A. thaliana (At) roots that showed severe root growth
inhibition under salt stress. Five-day-old seedlings were treated for 11 days on plates
supplemented with 150 mM NaCl.
We aimed to further identify orthologs in S. parvula that may support its uninterrupted
primary and lateral root initiation during salt stress that distinguishes it from the other two
species. Therefore, we checked co-expression clusters that included differentially expressed
ortholog groups (OGs) in roots and found two clusters where S. parvula showed a different
pattern compared to the other two species (Figure 4.9G). The first cluster showed salt-induced
expression uniquely observed for S. parvula. This accounted for 11% (294 ortholog groups) of
differentially expressed OGs (DEOGs) in roots (Table S10). The second cluster with 113 OGs (5%
of all root DEOGs) groups showed induction of genes in response to salt stress in A. thaliana
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and E. salsugineum while the orthologs in S. parvula did not alter their expression (Figure 4.9G).
Interestingly, within these two clusters, nearly 50% of orthologs did not have a specific GO
annotation indicating the level of functional obscurity associated with those genes that
uniquely respond in S. parvula to salt stress (Table S10).
Salt-responsive transcriptome-metabolome coordination supports cellular protection in
extremophytes
In response to salt treatments there were a total of 7852 orthologs identified as
differentially expressed genes (DEGs) and a total of 634 metabolites identified as differently
abundant metabolites (DAMs) for the three species in all salt treatments (Figures 4.3 and 4.5,
Table S2 and 4). The difference in % change in response to salt between DAMs and DEGs was
the lowest in A. thaliana, while in extremophytes metabolic responses were relatively larger
compared to the overall transcriptomic response during salt treatments (Figure 4.13A and
4.14A). This indicates that there is more transcriptome level preparedness to respond to salt in
the extremophytes than in A. thaliana.
The second and third largest functional clusters over-represented among DEOGs in roots
were amino acid and sugar metabolism (550 orthologs) in roots (Figure 4.5C, RC2 and RC3).
Additionally, our overall metabolite response indicated a high correlation of metabolite levels
between the two extremophytes S. parvula and E. salsugineum during salt treatments, and the
DAMs shared between the extremophytes were enriched in amino acids and sugars (Figure
4.3). Collectively, these findings led us to examine whether DEGs associated with amino acid
and sugar metabolism support a salt-induced metabolic response associated with amino acid
and sugars in the extremophytes. In line with the global trend (Figure 4.13A), we observed
fewer DEGs associated with amino acid and sugar metabolism in both extremophyte roots than
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Figure 4.13: Coordination between differently expressed genes and differently abundant
metabolites during responses to salt in Arabidopsis thaliana, Schrenkiella parvula, and
Eutrema salsugineum. [A] The difference in percent change in total differentially expressed
genes (DEGs) and total differently abundant metabolites (DAMs) in response to salt
treatments. [B] % DEGs and % DAMs involved in the metabolism of amino acids, sugars, and
their immediate derivatives (GO:0006520 and GO:0005975). [C and D] Selected pathways in
amino acids and sugar metabolism. Line graphs represent normalized Log2 relative
metabolite abundance. Boxplots represent normalized expression values. Center line shows
median; box indicates interquartile range (IQR); notch is for 1.58 × IQR/sqrt(n); whiskers
show 1.5 × IQR. Asterisks indicate DEGs and DAMs assigned using 3-4 biological replicates.
Early (E) and late (L) responses for transcripts refer to 3 and 24 hr. E and L responses for
metabolites refer to 24 and 72 hr. Metabolites are shown in the backbone of the pathway
while genes encoding for key enzymes/transcription factors are placed beside arrows. Black
labels in pathway maps indicate quantified metabolites and genes while grey labels indicate
metabolites not quantified.
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Figure 4.14. Metabolite abundance and expression of associated genes encoding the
enzymes in shikimic acid and ascorbic acid pathways. [A] percent change in total
differentially expressed genes (DEGs) and total differently abundant metabolites (DAMs) in
response to salt treatments. [B] pathway involved in proline metabolism. [C] pathway
involved in the conversion from phosphoenolpyruvate to chorismate. [D] pathway involved
in ascorbic acid metabolism. Line graphs represent normalized Log2 relative metabolite
abundance. Boxplots represent normalized expression values. Center line shows median;
box indicates interquartile range (IQR); notch is for 1.58 × IQR/sqrt(n); whiskers show 1.5 ×
IQR. Asterisks indicate DEGs (Differently expressed genes) and DAMs (Differently abundant
metabolites). Early (E) and late (L) responses for transcripts refer to 3 and 24 hr. E and L
responses for metabolites refer to 24 and 72 hr. Metabolites are shown in the backbone of
the pathway while genes encoding for key enzymes/transcription factors are placed beside
arrows. Black labels in pathway maps indicate quantified metabolites and genes while grey
labels indicate metabolites not shown.
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in A. thaliana roots, but more amino acid and sugar metabolites were found as DAMs in
extremophytes in roots (Figure 4.13B).
Given the established role of amino acids and sugars as organic osmoprotectants during
salt stress (Slama et al., 2015), we focused on the most highly responsive DAMs that are also
osmoprotectants and the key genes that are involved in the metabolism of those metabolite
(Figures 4.13 C and D, and 4.14A). Proline was one of the most significant DAMs found in roots
of both extremophytes that not only had a higher basal level than in A. thaliana, but also its
abundance further increased with salt treatments concordantly with the transcriptional
induction of pyrroline-5-carboxylate synthetase (P5CS1) and suppression of Pro-dehydrogenase
(ProDH1) in extremophytes (Figure 4.13C and 4.14B). Furthermore, shikimic acid derived amino
acids, tyrosine, and phenylalanine (precursors of phenylpropanoids) showed higher basal levels
or significant induction in roots of both extremophytes compared to A. thaliana (Figure 4.13C).
Interestingly, genes coding for the enzymes directly involved in the conversion of
phosphoenolpyruvate to shikimic acid such as DAHPS1, DAHPS2, DHQS, DHQ, SK1, ESPS, and CS
were not detected as DEGs in any of the three species (Figure 4.14C). However, MYB15, a
master regulator of shikimic acid biosynthesis pathway (Chen et al., 2006), was highly induced
in all three species (Figure 4.13C). Chorismate mutases 1 (CM1), coding for the enzyme involved
in the first committed step of tyrosine and phenylalanine biosynthesis was salt-induced in E.
salsugineum, while it was constitutively expressed at a high level in S. parvula (Figure 4.13C).
E. salsugineum maintained a higher basal abundance than the other two species for multiple
sugars in roots used as organic osmolytes in plants, while these metabolites increased their
abundances in response to salt in S. parvula (Figure 4.13D). The genes involved in the
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biosynthesis of these metabolites such as sucrose synthase 1 (SUS1), cell wall invertase 1
(cwIN1), galactinol synthase 2 (GolS2), and raffinose synthase were mostly induced under salt
or constitutively expressed with high basal levels in the extremophytes (Figure 4.13D). This
concordant alignment of DAMs and DEGs or maintenance of high constitutive abundance of
metabolites with high basal expression of genes highlighted for osmoprotectants in the
extremophytes was similar to coordination observed between known antioxidants and their
associated genes such as the dehydroascorbic acid pathway (Figure 4.14D).
Coordination between nutrient balance and gene expression associated with ion transport
Two other dominant functional clusters in roots, including 156 OGs, assessed using salt
stress responsive ortholog groups identified ion transport and membrane transport as the main
processes, (Figure 4.5C, RC4 and RC5). We also observed extremophyte ionomic profiles that
maintained nutrient balance unlike that of A. thaliana during salt treatments (Figure 4.2C).
Hence, we investigated all 148 A. thaliana genes encoding transporters based on Araport 11
annotation (Cheng et al., 2017) in the following four categories: (1) aquaporins (PIPs, NIPs, TIPs,
and SIPs), (2) cation transporters (CAXs, NHXs, KEAs, CHXs, KUPs, HKT1, and TRH1), (3) nonselective cation channels (CNGCs and GLRs), and (4) K channels (SKOR, GORK, AKTs and KCOs).
We found 109 corresponding one-to-one ortholog groups (OGs), among which 64 OGs were
differentially expressed at basal level in the three species (Table S11). We focused on the OGs
encoding transporters and channels that were expressed at significantly different basal levels in
both extremophytes compared to A. thaliana (Figure 4.15A). Genes encoding transporters
known to exclude Na from the cell (SOS1), transporters involved in Ca uptake and transport
(CNGC1, CNGC12, CAX1, and CAX5), K channel (KAT1), and endosomal K transporter (KEA5) that
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Figure 4.15. Basal and differential expression associated with salt and nutrient transport in
Arabidopsis thaliana, Schrenkiella parvula, and Eutrema salsugineum. [A] Basal level
expression given as fold changes between species. The dashed lines indicate 2-fold
differences to highlight genes either highly suppressed or highly expressed in the
extremophytes in roots at control conditions. [B] Aggregated expression profiles of
transporters/channels associated with Na+/K+ transport activity during salt treatments. [C]
Selected cation transporters that showed higher gene copy number in extremophytes in
ortholog groups and their expression during salt treatments. Nodes of each ortholog
network is assigned with species colors connected by edges based on the relationship
properties of the homologs. Edges show relationships for co-linear reciprocal orthologs (clrc), co-linear unidirectional orthologs (cl-uni), transposed -unidirectional duplicates (tr-uni),
or tandem duplicated-unidirectional paralogs (td-uni). Asterisks indicate differentially
expressed genes identified at *p-adj ≤ 0.05 and ** p-adj ≤ 0.01. N= 3 (at least 4 plants per
replicate). [D] Genes associated with nutrient transport identified in Figure 4.5C.
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aid in pH and ion homeostasis (Zhu et al., 2018; Sustr et al., 2019) showed higher basal
expression in the extremophytes than the A. thaliana orthologs, while genes involved in K
efflux/Na influx to the cell or water transport such as TIP1;1, PIP2;2, SIP1;2, SIP2;1,
KUP5/6/10/11, and NHX3 (Figure 4.15A). NHX1/2, the main transporters involved in Na
sequestration in the vacuole, showed higher basal level expression in E. salsugineum compared
to the other two species (Table S11).
We then examined how these transporter classes changed in expression in the three
species when treated with salt (Figure 4.15B and Table S12). Interestingly, the majority of the
genes across the four categories were either induced or constant in expression during salt
treatments in S. parvula, whereas A. thaliana and E. salsugineum had a mixed response (Figure
4.15B). Notably, E. salsugineum mostly repressed the expression of genes encoding nonselective cation channels (e.g. GLRs) in response to all salt treatments (Figure 4.15B and Table
S12). Other observable trends included the induction of CHX17 (functions in K uptake) identified
as the only induced transporter in all three species in our selected set, a 50-fold induction of
CHX2 (involved in Na transport to vacuole) in A. thaliana (Table S12), and GORK as the only K
channel up-regulated in E. salsugineum under salt treatment while maintaining high basal level
expression in S. parvula.
We next expanded the focus on the transporter genes to include copy number variation
among species and expression partitioned to paralogs present in each species (Figure 4.15C).
We searched for transporter gene orthologs with increased copy numbers in the
extremophytes: SpNIP6;1/2 in S. parvula, EsCNGC4;1/2 in E. salsugineum, SpKUP9;1/2 and
EsKUP9;1/2 in both extremophytes (Figure 4.15C, top panels, and Table S13). All extremophyte
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paralogs either showed differential expression in response to salt or high constitutive
expression compared to A. thaliana (Figure 4.15C, bottom panels).
Finally, we examined the expression profiles of all non-Na/K transporters involved in nutrient
uptake that were included in an ortholog group in Figure 4.5C functional clusters RC4 and RC5
(Figure 4.15D and Table S13). Notably, S. parvula induced orthologs encoding a large and
diverse set of transporters involved in nutrient uptake upon salt treatments, while A. thaliana
and E. salsugineum showed salt-induction of a limited group associated with Fe, Zn, and Cu
uptake (e.g. FER1/2/3, MTPB1, ZF14, ZIP2/11,) (Figure 4.15D).
Discussion
The direct flow of Na+ ions into plant tissue is unavoidable in saline soils. Plants show
adaptations at varying degrees to limit accumulation of Na+ or mitigate cellular toxicity caused
by Na+ in tissues when exposed to increasing levels of salt (Flowers and Colmer, 2008; Pantha
and Dassanayake, 2020; Santiago‐Rosario et al., 2021). In the tolerance spectrum for salt, S.
parvula and E. salsugineum are considered halophytes whereas A. thaliana is not (Kazachkova
et al., 2018). We show that both extremophytes accumulate less Na at the whole plant level
than A. thaliana during salt treatments, with S. parvula accumulating the lowest levels (Figure
4.2A), consistent with previous reports (Volkov et al., 2004; Ghars et al., 2008; Oh et al., 2014).
Figure 4.16 summarizes the most notable ionomic, metabolomic, transcriptomic, and
phenotypic adjustments that distinguish each model plant from the other two when responding
to salt treatments.
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Upholding nutrient balance is a shared outcome in the extremophytes when responding to
increasing external salt levels

Figure 4.16. Summary of ionomic, metabolomic, transcriptomic, and phenotypic adjustments
and preadaptation trends to salt stress in Arabidopsis thaliana, Schrenkiella parvula and
Eutrema salsugineum roots. Top 9 metabolites that increased abundance in S. parvula were
Fru, fructose; Asn, asparagine, Raf, raffinose, DHA, dehydroascorbic acid; Pro, proline; Shkm,
shikimic acid; Suc, sucrose, GABA, gamma-aminobutyric acid; Gln, glutamine. Orthologs in
the three species are indicated as high (yellow), low (blue) assigned to relative basal
expression levels. Blue and red indicate the induction and suppression gene expression,
respectively. KEA5, K+ efflux antiporter 5; KUP9, K+ uptake permease 9; KAT1, K+ channel in
Arabidopsis thaliana 1; GLRs, glutamate-like receptors; NHX1/2, Na+/H+ exchanger1/2; VATPases, vacuoles-ATPases; SOS1, salt overly sensitive 1; GORK, gated outwardly-rectifying
K+ channel.
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When compared to A. thaliana, which loses its nutrient balance under salt stress as the
Na content increases (Figure 4.2A-C), the two extremophytes present two distinct paths for
regulating Na levels in roots coincident to how each plant achieves nutrient balance as a shared
outcome. S. parvula regulates Na accumulation to maintain it at levels observed for control
conditions, while preventing the loss or maintaining the uptake of K and Ca during salt stress. In
contrast, E. salsugineum does not show such a restriction to Na accumulation in roots but
reaches the same outcome as S. parvula for both 150 and 250 mM NaCl treatments at 24 hr
preventing a significant drop in its K and Ca contents.
Regulation of Ca levels coordinated with K is a critical requirement for ion homeostasis
and excess Na in plant tissues when exposed to salt stress challenges this balance (Flowers and
Colmer, 2008; Pantha and Dassanayake, 2020). Ca activates the efflux of Na via SOS2-SOS3
signaling pathway which in turn activates the plasma membrane localized Na-exporter, SOS1
(Halfter et al., 2000). Additionally, the plasma membrane localized non-selective cation
channels (NSCCs) are reportedly a main entry point of Na into root cells and are regulated by Ca
(Demidchik and Tester, 2002; Han et al., 2014). Genes encoding for NSCCs are highly
suppressed in E. salsugineum consistent with previous findings during salt stress (Volkov and
Amtmann, 2006) (Figure 4.15B and 7). However, counterintuitively, these NSCCs were induced
or unaltered in S. parvula during salt treatments (Figure 4.15B), while S. parvula maintains a
relatively smaller Na content than E. salsugineum when treated with salt (Figure 4.2A). The high
basal level of Ca in S. parvula roots may alleviate Na-induced cellular toxicity by limiting the
selectivity of NSCCs to Na (Han et al., 2014) (Figure 4.2C). This suggests that Ca may play a key
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role to achieve ion homeostasis in S. parvula during salt stress at a much higher level than
reported for A. thaliana (Choi et al., 2014).
Halophytes are known for their ability to maintain high K/Na ratios in roots when
exposed to salt even if the species-dependent ratios can have large differences between
halophytes compared to more salt-sensitive species (Cuin et al., 2008; Flowers and Colmer,
2008; Sun et al., 2009; Cheng et al., 2015). Under salt stress, the negative effect of Na-induced
membrane depolarization at the root epidermis could be reversed by the activation of K
outward rectifying channel, GORK by releasing some of the cytosolic K as shown in A. thaliana
root hairs (Ivashikina et al., 2001; Shabala and Cuin, 2008). GORK expression was induced in E.
salsugineum when exposed to 250 mM NaCl stress and maintained at high basal level in S.
parvula while it was low at basal level and unaltered in A. thaliana roots under salt stress (Table
S4 and 12). Therefore, it may help to prevent the membrane from further depolarization in
extremophytes at high salinities. However, how the extremophytes regulate their K
transporters to allow K uptake and simultaneously prevent excessive leakage of K during salt
stress is unclear. The extremophytes provide an alternative co-regulation of Na and K
transporters different from A. thaliana. One such modified pathway in the extremophytes
compared to A. thaliana from our comparative analysis point to a possible synergistic activity
between GORK and KAT1 (K channels) synchronized with Na exclusion mediated by SOS1 to
regulate cytosolic K levels, pH, and ion homeostasis in the two extremophytes when exposed to
salt. Coordinated expression of GORK and KAT1 is a prevalent pathway mostly reported for
guard cells in A. thaliana and KAT1 expression is thought to be highly reduced in roots (Ache et
al., 2000; Philippar et al., 2004). In contrast, KAT1 is highly expressed even at basal expression
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levels in both extremophytes (Figure 4.15A). Notably, these K channels are regulated by ABA
and auxin and both extremophytes seem to differently regulate these two hormones in
conjunction with overall root growth modulation in response to salt differently compared to
that in A. thaliana roots (Figures 4.9, 4.11, and 4.16). The intracellular control of K transport
appears to be uniquely regulated in the extremophytes compared to A. thaliana. For example,
KEA5 primarily expressed in the trans-Golgi network (Zhu et al., 2018; Zhang et al., 2020) is
expressed at much higher levels in both extremophytes than in A. thaliana (Figures 4.15A and
4.16). Additionally, KUP9 which has undergone tandem duplication in both extremophytes, has
one paralog in each extremophyte that show much higher basal expression as well as induction
following salt treatments, in contrast to lower constitutive expression of the A. thaliana
ortholog (Figure 4.15). KUP9 in A. thaliana mediates auxin efflux from endoplasmic reticulum
(Zhang et al., 2020). It would be interesting to find out if the KUP9 duplication in the
extremophytes have led to divergent regulation in auxin homeostasis. Future research
exploring this aspect may lead to a missing link in how root growth is modulated under salt
stress in salt adapted species.
High tissue tolerance to Na is illustrated by high Na accumulation in E. salsugineum
roots without losing its nutrient balance during salt treatments (Figure 4.2). This is thought to
be primarily facilitated by vacuolar Na-K/H transporters, NHX1 and NHX2 (Bassil et al., 2011).
NHX1 and NHX2 are co-induced with V-ATPase and this coordinated transcription concurrent to
increasing salt treatments is observed as expected in E. salsugineum, but not in the other two
models (Table S11 and Figure 4.16). S. parvula may have reduced the need for vacuolar
sequestration of Na differently from E. salsugineum. If it is achieved by regulating Na entry to
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the cell via CNGCs or aquaporins as proposed by previous studies conducted on A. thaliana
(Demidchik et al., 2002; Byrt et al., 2017), transcript level coordination alone is insufficient to
deduce the orthologous functions in S. parvula as both groups are categorically highly induced
under salt treatments instead of being suppressed to reduce Na entry (Figure 4.15B).
Metabolic preadaptation or a dynamic response equally allow adaptation to salt stress in
extremophytes
Sugars, amino acids, or their associated derivatives are used in all plants for
osmoregulation during salt stress (Slama et al., 2015). The most striking metabolic feature
among the three species in our study is the extraordinary level of sugars and amino acids in E.
salsugineum even in control conditions compared to the other two species of which many of
those metabolites can serve as osmoprotectants or antioxidants (Figure 4.3C and 7). The
metabolite profiles we observed are consistent with earlier studies that examined metabolites
in E. salsugineum (Gong et al., 2005; Kazachkova et al., 2013; MacLeod et al., 2015; Lee et al.,
2016; Eshel et al., 2017; Shamustakimova et al., 2017; Yin et al., 2018; Pinheiro et al., 2019).
Previous work had suggested that E. salsugineum leaves and seedlings are metabolically
preadapted to salt stress (Gong et al., 2005; Kazachkova et al., 2013; Lee et al., 2016). Our
results reinforce this view and extend these observations to roots (Figure 4.3C and 7).
Complementary to a dynamic metabolic response, S. parvula in comparison to the other two
species exhibits a higher transcriptome level preadaptation to salt stress (concordant with its
fewer DEGs in both roots and shoots; Figures 4.5B and 4.13A). Interestingly, during salt
treatments, S. parvula which maintained much lower levels of sugars and amino acids
comparable to levels seen in A. thaliana at control conditions, raised its metabolite pools of
amino acids and sugars to the high basal level present in E. salsugineum (Figures 4.3 and 4.16).
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Proline is among the most studied metabolites during salt stress in E. salsugineum and
generally in extremophytes due to its role as an osmoprotectant and an antioxidant (Taji et al.,
2004; Flowers and Colmer, 2008; Kant et al., 2008; Bartels and Dinakar, 2013). While the key
proline biosynthesis gene, P5CS1 was induced in all three species under salt treatments, Prodehydrogenase (ProDH1), encoding an enzyme that degrades proline, was suppressed only in
the extremophytes, coincident to a significant boost in proline exclusively in the extremophytes
(Figure 4.13C). The expression of ProDH1 is known to be suppressed by sucrose (Funck et al.,
2010). Our results may suggest a novel regulatory alteration involving high sucrose levels
concomitant to the induction of sucrose synthase (SUS1) to maintain high proline levels in the
extremophytes via sucrose mediated suppression of ProDH1 (Figure 4.13D). A. thaliana SUS1 is
known to be regulated by osmotic stress independent of ABA and is also less expressed in roots
compared to other SUS members (Déjardin et al., 1999; Bieniawska et al., 2007).
An alternative view to why sugars and amino acids are maintained in E. salsugineum at
high levels as a preadapted feature to abiotic stress tolerance is proposed based on those
metabolites serving as a carbon or nitrogen source to facilitate growth when photosynthesis
and nitrogen acquisition may decrease with abiotic stress (Grime and Hunt, 1975; Pinheiro et
al., 2019; Yu et al., 2020). E. salsugineum roots grow much slower than both A. thaliana and S.
parvula primary roots under control conditions (Figure 4.12) (Orsini et al., 2010). A high
proportional allocation in roots for sugars such as sucrose and raffinose together with amino
acids known for nitrogen storage, especially proline is a common trait associated with slow
growing plants (Poorter, 1989; Atkinson et al., 2012). This idea aligns better with E. salsugineum
viewed as a slow growing annual compared to the other two models. Some of these
97

metabolites that are high at basal levels then have the added benefits for serving as
osmoprotectants or antioxidants when the plants experience high salinity levels.
Accumulation of sugars is reported as a metabolic trait in response to drought in A.
thaliana leaves (Sperdouli and Moustakas, 2012). Contradictory to viewing the accumulation of
sugars as a growth promoting adaptation or an adaptation to stress tolerance, it has been
proposed as an outcome of photosynthates passively accumulating in the absence of active
growth under stressed conditions (Martínez-Vilalta et al., 2016; Granda and Camarero, 2017).
Schrenkiella parvula dynamically accumulates these metabolites during salt treatments without
an indication of compromised growth to match the levels maintained in E. salsugineum (Figures
4.9 and 4.13 and Tran et al., 2021). The source of increased sugars in S. parvula is expected to
result from starch hydrolysis mediated by ABA upon salt stress (Thalmann et al., 2016).
Therefore, at least in the extremophytes, the shared outcome of high sugars and amino acids
seems to be an active metabolic state that could be considered as an adaptive feature to cope
with salt stress more than a passive outcome of excess photosynthesis under interrupted
growth during stress.
Root transcriptional networks contain multiple divergent points between the extremophytes
with convergent outcomes for stress-resilient growth
Schrenkiella parvula and Eutrema salsugineum have lower lateral root densities
compared to A. thaliana (Figure 4.9F). Auxin is among the main hormones that regulate root
architecture including lateral root development (Wang et al., 2009). Lateral root initiation is
regulated by binding of auxin to its receptor TIR1, resulting in degradation of auxin signaling
repressors, the Aux/IAAs (Lakehal et al., 2019). The TIR orthologs in both extremophytes are
suppressed in control conditions coincident to successive suppression of multiple Aux/IAAs and
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other downstream transcription factors in control or salt treated conditions, a pattern
collectively suggesting limited lateral root initiation (Banda et al., 2019) compared to A.
thaliana (Figure 4.9B and 4.11). Both extremophytes either having a slower root growth rate (in
E. salsugineum) or higher primary root growth rate but with lower lateral root density (in S.
parvula), which may reduce the total surface contact area with salt by reducing lateral root
density. Therefore, the transcriptional network mediated by auxin and other hormones in the
extremophytes suggests multiple regulatory points for root growth modulation that could
result in different root architecture (Figure 4.11). The overall transcriptional response
promoting root growth is unique to each extremophyte, but supports uninterrupted nutrient
acquisition, water transport, and Na+ sequestration to synchronize both developmental and
metabolic coordination during salt stress differently from A. thaliana (Figure 4.9 and 4.16).
Molecular phenotypes for transcriptional preadaptation associated with multiple abiotic
stresses have been reported for S. parvula and E. salsugineum separately to highlight genes
uniformly expressed before and after stress treatments compared to differential expression of
orthologs in a stress sensitive sister species (Gong et al., 2005; Oh et al., 2014; Lee et al., 2016;
Simopoulos et al., 2020; Pantha et al., 2021; Wang et al., 2021). Our work indicated that stressassociated functional gene clusters that exhibit transcriptional preadaptation in one
extremophyte is in many instances contrasted by a dynamic induced response by the orthologs
from the other extremophyte that ultimately match the expression level found in the
preadapted species (e.g. Figure 4.9G). This highlights the diversity of independent and
divergent regulation of orthologs even between closely related extremophytes in response to
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the same treatments given in the same growth conditions but demonstrating different adaptive
strategies.
Overall, our study highlights the multiple different combinatorial expression modules
that can be examined for stress optimized growth using two extremophytes adapted to grow in
high salinities. The hormone-mediated root growth and especially the selective release of
repression in auxin and ABA signaling pathways that may lead to different S. parvula and E.
salsugineum root growth strategies absent in A. thaliana needs to be further investigated to
identify additional regulatory dependencies using target studies in the extremophyte models.
Similarly, comparisons from multiple extremophytes can serve as training data to identify
compatible regulatory pathways that can coexist but are currently absent in crops. Such
pathways need to be investigated for their functionality to metabolic cost to evaluate whether
constitutive expression (as pre-adaptive traits) or induced expression (as dynamic responses)
offer an optimum strategy depending on a stress condition being constant or intermittent in
certain environments. The scarcity of halophytes despite their recurrent evolution implies a
high metabolic cost and complex regulation required for salt stress adaptation for coordinated
growth from cellular to whole plant level (Flowers and Colmer, 2015). Extremophytes will be a
direct resource when modeling stress resilient growth based on which combination of core
stress-response pathways are critical to deliver growth and survival during environmental stress
(Zandalinas et al., 2021). For sustainable global food security, our crops need to be diversified,
less dependent on fresh water and high nutrient soils while being adapted to varying levels of
marginal soils with different salinities (Bailey-Serres et al., 2019; Pareek et al., 2020). Therefore,
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basic research examining genetic regulation underlying stress optimized growth will be a
prerequisite when selecting new crops in light of a climate crisis.
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS
Summary
Plant growth is often threatened by salt stress, which is worsened by climate change.
Extremophytes are plants evolutionarily adapted to thrive in extreme environments, and
therefore represent a natural resource to identify stress tolerance mechanisms that could
greatly facilitate the development of stress-tolerant plants. In my dissertation, I assessed how
two Brassicaceae extremophytes, Schrenkiella parvula and Eutrema salsugineum coped with
excess Na+ when compared to a salt sensitive model plant, Arabidopsis thaliana. S. parvula is a
more recently introduced model to study salt adaptations compared to E. salsugineum.
Therefore, I first characterized salt-induced physiological and structural responses across
various developmental stages throughout its life cycle. This serves as a foundational resource
for future studies exploring salt tolerance mechanisms in S. parvula. In a subsequent study, I
created a multi-omic dataset and integrated the responses observed at ionome, metabolome,
and transcriptome levels to the phenotypes level to further illustrate different strategies that
each extremophyte employed to achieve salt tolerance.
In the research investigating the salt-induced physiological and structural traits in S.
parvula, we found that S. parvula root growth was not inhibited but rather increased at salt
stress concentrations that were shown to reduce root growth in A. thaliana. S. parvula primary
roots also showed a salt-insensitive phenotype when its roots continuously grew from zero-salt
onto the a medium supplemented with salt. In contrast, A. thaliana roots actively grew away
from salt when a similar growth condition was tested.
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One of the most significant structural changes in S. parvula upon long term salt
exposure was the expansion of vessel elements from roots to shoots. The enlargement in vessel
elements likely facilitate more water flow through the xylem that could support the
uninterrupted gas exchange in the leaves of S. parvula during exposure to high salinities.
However, the expansion of vessel elements adds a risk for cavitation under salt stress. Most
plants favor narrower vessels when found in habitats prone to water deficit-stress to reduce
the risk of cavitation (Olson and Rosell, 2013).
The effects of long-term salt stress on the fitness of S. parvula was assessed through
flowering time, number of flowers, number of siliques produced per plant, seed size, and
percent seed germination rate. S. parvula flowered earlier when salt was given. These early
flowers in salt-treated plants were successfully developed into siliques unlike the first set of
flowers in the control plants. This successful development of seeds appeared to be facilitated
by the salt-induced filament elongation. Even though the control plants eventually produced
more flowers and siliques at the end of their life cycle compared to the salt-treated plants, the
early flowering in the salt treated plants ensured that those plants could successfully transition
to a reproductive stage and produce viable seeds if the environmental conditions became too
harsh over the growing season for plant growth. The siliques and seeds harvested from the
treated plants were bigger than those of control plants. However, seeds harvested from control
and salt treated plants did not show any germination differences when grown on control
media.
The assessments using multi-omics datasets revealed that S. parvula and E. salsugineum
demonstrated different strategies to achieve salt tolerance. S. parvula limited Na+ accumulation
103

in both roots and shoots, while E. salsugineum indicated high tissue tolerance to Na+. Despite
the difference in Na+ accumulation, both extremophytes could maintain their nutrient balance,
while A. thaliana failed to keep its ion homeostasis upon salt stress.
In line with the distinct Na+ accumulation profiles observed between the two
extremophytes, their metabolomic responses to salt stress was also unique. Eutrema
salsugineum showed a high basal level abundance of amino acids and sugars while S. parvula
increased the abundance of these metabolites under salt stress from a low basal level. This
resulted in a convergent metabolomic responses in the extremophytes under salt stress.
Together the metabolomic data suggested a basal level “stress preparedness” in E. salsugineum
while S. parvula showed a dynamic response to build those resources. Salt-induced changes at
the transcriptomic level were also divergent in the three model species (S. parvula, E.
salsugineum and A. thaliana). Yet, more than 40% of differentially regulated ortholog groups in
all three species exhibited functions enriched in salt stress and oxidative stress responses.
Notably, genes associated with auxin and ABA signal transduction were differently regulated in
the two extremophytes that suggested alternative root growth during salt treatments.
Specifically, the two extremophytes regulated different ortholog groups to maintain lower
lateral root density at both basal level and under salt stress.
Future directions
Based on my current investigation, to further investigate how Na is differently
compartmentalized in the extremophytes and relate how primary metabolism may influence
growth during excess salt, I propose three studies briefly outlines below as future experiments.
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Quantification of starch using an iodine-based dye
Soluble sugars such as sucrose, glucose, and fructose were among the metabolites that
showed highest fold increase in abundance under salt stress in S. parvula roots while these
were maintained at a high basal level in E. salsugineum roots (Figure 4.13). The increase in
soluble sugars in roots can be linked to starch breakdown, the increase in transport, or the
accumulation of products of photosynthesis due to a lower demand for fixed carbon during
slow growth under stress (Thalmann and Santelia, 2017). Transcriptomic data suggested that
genes encoding enzymes involved in starch degradation were more highly expressed in the
roots of both extremophytes compared to A. thaliana at basal level (Figure 5.1). Soluble sugars
are important in carbon metabolism, serving as precursors for synthesizing many amino acids,

Figure 5.1. Expression profiles of genes associated with starch degradation in S. parvula
(Sp), E. salsugineum (Es), A. thaliana (At). Starch degradation under salt stress are mainly
regulated through the induction of BAM1, AMY3, PHS1 (marked with asterisk).
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and secondary metabolites (Ruan, 2014). Besides, sucrose, glucose and fructose are also known
for their role in osmotic regulation in plants under salt stress (Parida and Das, 2004; Jogawat,
2019). Therefore, it is important to investigate the remobilization of starch in the
extremophytes compared to A. thaliana under salt stress.
Transitory starch is referred to as starches that are being synthesized during the day
when plants actively photosynthesize and breakdown those starches at night to provide a
carbon source for respiration and additionally export to the sink tissue (Santelia and Zeeman,
2011). Starch granules are made of amylopectin and amylose. Lugol's iodine solution which is a
mixture of iodine (I2) and potassium iodine (KI) stains intracellular starch (Bronner, 1975) gives a
dark purple color when in contact with starch. Therefore, future studies can first examine if
starch accumulation or breakdown can be coordinated with expected transcriptomic signal for
starch metabolism during salt stress in the extremophytes. Figure 5.2 outlines the Iodine test
for starch quantification.

Figure 5.2. Proposed plan of work for starch quantification in A. thaliana (At), S. parvula (Sp),
and E. salsugineum (Es). A. thaliana starchless mutant include phosphoglucomutase (Atpgm)
while starch-excess mutants include starch excess 1 (Atsex1-1) and phosphoglucan water
dikinase (Atpwd).
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Assessing Na+ transport through selective as well as non-selective transporters/channels
Our ionomic data suggested that S. parvula roots maintained the lowest Na+
accumulation among the three species while E. salsugineum roots accumulated a high-level of
Na+ comparable to that of A. thaliana roots. Therefore, S. parvula is either more efficient at
excluding excess Na+ through Na+ exporters or limiting Na+ influx through the regulation of
transporters that allow Na intake such as NSCCs (non-selective cation channels), HKTs (highaffinity K+ transporters), and HAK5 (high affinity K+ transporter 5). Previous studies have
showed that expressing SpSOS1 and EsSOS1 in yeast allowed greater salt tolerance than AtSOS1
(Oh et al., 2009; Jarvis et al., 2014). In line with the published work, our data showed that
SpSOS1 and EsSOS1 are more highly expressed in the roots at basal conditions than AtSOS1,
with EsSOS1 showing the highest expression among the three species. It is worth to note that
only SpSOS1 expression was further induced under prolonged stress and higher NaCl
concentration (Figure 5.3). This implies that higher expression of SOS1 alone is not sufficient in
controlling the Na+ accumulation in the roots of the extremophytes. Therefore, future studies

Figure 5.3. Expression of H+/Na+ antiporter SOS1 in A. thaliana, S. parvula, and Eutrema
salsugineum. Black asterisk indicates significant difference in expression of SOS1 at basal
level in three species at p-adj ≤ 0.001. Blue asterisk represents differentially expressed
gene in response to salt treatment at p-adj ≤ 0.01. N = 3 (at least 4 plants per replicate).
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should investigate different methods in which Na+ can accumulate in roots of S. parvula and E.
salsugineum. I hypothesize that S. parvula restricts the entry of Na+ through control via NSCCs
and K+ transporters/channels that show low selectivity to K+.
Non-selective cation channels (NSCCs) are among the main routes for Na+ entry into the
root cells (Tester and Davenport, 2003). NSCCs include glutamate-activiated channels (GLRs)
(Demidchik et al., 2004) and cyclicnucleotide-gated channels (CNGCs) (Leng et al., 2002). The
glutamate-like receptors (GLRs) family in A. thaliana has 20 members (Demidchik et al., 2002,
2004). Previous work has suggested a role of GLRs in Na+ transport at the root level (Demidchik
et al., 2004). Our gene expression data showed that 50% of the genes encoding GLRs were
repressed in E. salsugineum roots in response to salt stress. This suggested that GLRs play a
major role in controlling Na+ influx in E. salsugineum roots. However, the expression of these
GLR orthologs in S. parvula and A. thaliana were not altered under salt stress (Figure 5.4).
There are about 20 genes encoding putative CNGCs in A. thaliana. Among them, AtCNGC1, 2, 3,
4, and 10 were characterized for their localizations and transport properties including
permeability and selectivity to K+ and Na+ (Leng et al., 2002; Balagué et al., 2003; Li et al., 2005;
Gobert et al., 2006). The activities of CNGCs were not voltage dependent, but rather dependent
on the level of cyclic nucleotides such as cAMP, and cGMP, which can reduce Na + influx up to 40
% (Maathuis and Sanders, 2001). Besides the cyclic nucleotides, Ca2+ was reported to regulate
ion uptake selectively favoring K+ over Na+ through interaction with NSCCs (Shabala et al., 2006;
Reddy et al., 2011). From our ionomic data, S. parvula roots had more Ca2+ per tissue dry weight
than in E. salsugineum and A. thaliana (Figure 4.2). Therefore, high abundance of Ca2+ may play
an important role in controlling Na+ influx into S. parvula roots via NSCCs. To test this
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hypothesis, the growth of the three species can be assessed through the quantifications of root
growth, fresh weight, dry weight, and chlorophyll content when grown in a calcium-deficientsodium-rich growth medium. This experiment would suggest if S. parvula becomes less
tolerance to salt stress in the absence of Ca2+. Similarly, when additional Ca2+ is supplied to the
medium, A. thaliana and E. salsugineum may enhance growth under salt stress. Additionally,
the expression of CNGCs and the abundances of Na+ and K+ can be quantified using qRT-PCR
and ICP-MS, respectively. The results obtained from these experiments will shed light on the
role of Ca2+ in controlling Na+ entry in S. parvula under salt stress.

Figure 5.4. Expression profiles of NSCCs in A. thaliana, S. parvula, and E. salsugineum.
Asterisks indicate differentially expressed genes in response to salt at p-adj ≤ 0.01. N = 3 (at
least 4 plants per replicate).
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Verification the presence and function of HAK5 in S. parvula and E. salsugineum

Figure 5.5. Comparing ortholog syntenic regions of HAK5 in A. thaliana, S. parvula and E.
salsugineum. Syntenic relationship is generated using A. thaliana genome (TAIR10, v10.2),
S. parvula genome (Phytozome, v2.0), and E. salsugineum genome (JGI, v1.0) at
https://genomevolution.org/coge/. Orange box indicates the sequence similarity between
the orthologs. Gene models are indicated in green. The arrow marks AtHAK5 which was
not detected in S. parvula and E. salsugineum genome.
HAK5 encodes a high affinity K+ channel and is responsible for the uptake of K+ under
normal and low K+ availability in soil. HAK5 was induced by K+ starvation but was reported to be
repressed under long term salt stress in A. thaliana (Nieves-Cordones et al., 2010; Bacha et al.,
2015). Therefore, HAK5 appears to be an important transporter for K+ uptake influenced by
external Na+. Interestingly, HAK5 orthologs were not detected in either S. parvula or E.
salsugineum genome (Figure 5.5). The natural habitat of S. parvula (lake Tuz ecotype) is known
to have high levels of K+. Therefore, a high affinity K+ uptake system mediated by HAK5 may not
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be evolutionary selected in S. parvula as a required transporter in roots (Tug et al., 2019).
Examination of the genomic region harboring HAK5 in A. thaliana shows that synteny among
the target species within this region is heavily degraded and HAK5 is not detected in the
extremophytes (Figure 5.5). Future research can further verify the presence or absence of HAK5
in the extremophytes through genome re-resequencing.
The ability of the extremophytes to reduce Na+ accumulation at the whole plant level
together with the high abundance of organic osmolytes are essential in alleviating the effect of
salt stress. Future research should be directed towards the understanding of how Na + transport
is controlled as well as the role of amino acids and sugars as alternative energy and carbon
sources under salt stress in the extremophytes. The findings from these experiments will lead
to a broader understanding of salt-induced responses prioritized by the extremophytes.
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Balagué C, Lin B, Alcon C, Flottes G, Malmström S, Köhler C, Neuhaus G, Pelletier G, Gaymard
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